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ABSTRACT

The objective of this study was to establish th-
characteristics and methods of control of alkali metal fires,
A review of present practices used in alkali metal fire control
is presented. A section is also included on the physical and
chemical properties of the alkali metals.

The effects of inert gas blanketing and oxygen partial
pressure were evaluated. It was found that reduction of oxygen
partial pressure was effective in inhibiting ignition and de-
gree of combustion of lithium, sodium, NaK and potassium. Ru-
bidium and cesium did not ignite, i.e., there was no emission
of smoke or flame, but they completely oxidized even at lower
oxygen partial pressures. Reduced oxygen partial pressure was
also effective in inhibiting ignition of alkali metal jet streams.

A number of different salts, organic liquids, and
polyurethane foam were evaluated with respect to alkali metal
fire extinguishment. Met-L-X and TEC Powder were the most
effective salts which were evaluated. The ratio of TEC Powder/
alkali metal was 0.4 for 100 lb sodium fires and 0.2 for 500 lb
sodium fires. Polyurethane foam was found to be effective on
low temperature (1000'F) fires and was useful on alkali metal
fires on or under insulation. Organic liquids were not particu-
larly effective on alkali metal fires and in most cases the
secondary organic fire was more severe than the alkali metal fire.

A section is presented on a typical alkali metal
system which might be used to generate electrical power in space.
The major fire hazards during the various phases of charging,
injection into orbit and in-flight operations are outlined.
Fire control procedures for each of the phases are outlined.

This technical documentary report has been reviewed
and is approved.

BLACKWELL C. DUNNAM, Chief
Support Techniques Branch
AF Aero Propulsion Laboratory
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I. INTRODUCTION

The auvent of aerospace flight has resulted in iicreaseu
temperature requirements for fluids used as heat transfer media,
working fluius, hyuraulic fluius and lubricants. The alkali metals
have been selecteu as the most promising fluius since they exhibit
the following physical characteristics:

1. Long liquidus range - 354 0 F (179°C) to
2403°F (1317 0 C) for lithium.

2. Relatively low melting points - 830 F (28.5 0 C)
for cesium to 354 0F (179C) for lithium;
,,aK-78 melts at 10OF (-12.3°C)Q .

3. lligh boiling points - 1270OF (688 0 C) for
rubiuiumi to 2403 0 (1317 0 C) for lithium.

4. lligh transfcr coefficients - 6400 Btu/hr-
ft -Ol:/ft for socium.

5. High teriyerature stability.

6. ;on-corrusive when pure.

Lithium anu souium are being consiucreu as heat transfer media for
nuclear reactors ane solar heat sources. Potassium, rubidium ana
cesium are being investigateu as potential working fluids for tur-
biies. The feasibility of ion engines using cesium has been demon-
strateu aiid cesium is being useu in thermionic converters anu other
thermoelectric devices. A number of low melting binary, ternary
and quaternary alkali metals are being considered as lubricants
and hyuraulic fluius.

Alkali metals, particularly sodium, have been used in
industry for miiaiy years as heat transfer media anu reaction meia.
These metals are extremely reactive with atmospheric gases, water,
many organic materials, and a number of materials of construction,
thus system uesign arno formulation of operational procedures with

*A multicohiponent alkali m ,etal alloy i.ith a freezing point of
-94 0 F (-70 0 C) has beeii ueveloi, e recently.

anuscript releaseu by authors in Sel)ter,.ber 1964 for publication
as a RT1 Technical VocuMentary ieport.
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respect to safety are gives particular consideration. Most systems
are surroundeu by some sort of metal shielding to protect both
personnel and equipment in the event of ar, alkali metal leak. A
drip pan of sufficient size to contain all of the alkali metal in
a system is usually positioneu beneath the system. Water lines
and urains are generally excluueu from the iminmediate vicinity of
the' system. Handling techniques and fire extinguishment anu con-
trol proceuures have evolveu from this experience with lan-based
systems.

In space, alkali metal ignition characteristics and
fire control proceuures might uiffer from those on earth. It may
not be possible to extensively shield the system because of the
wieght penalty imposed. A rip pan would be of limited value if
the craft is not subjected to an artifical gravitational field;
leaking alkali metal could migrate to any spatial location in the
absence of a gravitational field. In certain cases, the compart-
ment atmosphere may be pure oxygen at some reouced pressure; this
could enhance combustion of the alkali metal. Conversely, it may
be possible to operate a system in a compartment exhausted to the
vacuum of space; in this case, combustion of the alkali metal
would be eliminatea.

Historically, three methods are used to control or ex-

tinguish fires:

I. Remove fuel

2. Remove oxiuizer

3. Remove heat

Recently, a fourth technique has come into being - disruption of
the chain reaction in the combustion zone by removal of free radicals
produced in the flame. With fires resulting from the combustion of
wooc, paper, flaniable organic liquids and gases, and electrical
fires, these procedures can be useu. A natural gas fire can be
quellea by shutting off the fuel supply. Oxygen can be excluded
from the area by use of CO-. or foam. Heat is generally removed by
applying a volatile heat a-6 sorbing material such as water or
bromochloromethane to the fire. Alkali metal bicarbonates are
being useu to supply ions which will react with free radicals to
inhibit flame propogation. The three primary methods of fire ex-
tinguishment can be auaptea to alkali metal fires, although the
proceaures differ somewhat from those normally used for ABC fires.

Removal of fuel with respect to alkali metal fires is
normally accomplisheu by lowering the cover gas pressure on the
s/stem to reduce the leakage rate, valving-off or freezing the



leaking section, or urainiing the alkali metal into a sump tank.
This procedure controls the severity anu magnituue of an alkali
metal fire but uoes not eliminate combustion of the metal which
has escapeu from a system. Two proceures are used to exclude
oxygen from an alkali metal fire - (1) inert gas blanketing and
(2) smothering with a non-reactive material such as an alkali
metal chloride or graphite. Heat has been removea by plunging
a cold iron bar into the burning melt, but this method is not
generally amenable to an actual alkali metal fire.

II. SCOPE OF PROGRAM

The purpose of the stuuy describea in this report was
to investigate agents and techniques for extinguishment and con-
trol of fires resulting from leakage of high temperature and high
pressure alkali metals under normal atmospheric and reduced at-
mospheric environments. The program was subuivideu into seven
major phases of investigation:

Phase I - Review of Current Practices for Ex-
tinguishient and Control of Alkali
Metal Fires

Phase II - ieview of Physical and Chemical Properties
of Alkali Metals With Respect to Fire
Control and Lxtinguishment

Phase III - Effects of Inert Gas Blanketing and
Oxygen Partial Pressures on Alkali Metal
Fires

Phave IV - Extinguishment of Alkali letal Fires
Using Inorganic Salts and Salt Mixtures

Phave V - Extinguishment of Alkali Metal Fires
Using Inorganic Salt Foams

Phave VI - Characterization of Alkali Metal Jet
Stream Ignition at Various Pressure
Conditions

Phave \II - Extinguishment of Large Scale rires

Phases i anu II consistea of a literature review to
uetermine present practices usec in alkali metal fire contrcl anu
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extinguishment and the effects of chemical and physical charac-
teristics of the alkali metal on these controls, The following
items were of particular imaportance:

1. Techniques an6 procedures used in

alkali metal fire fighting.

2, Extinguishants used on alkali metal fires.

3. lethods of containing or confining leaking
metal.

4. Post fire clean-up procedures,

5. Survey of conuitions unuer which fires
can occur and evaluation of how these con-
uitions will affect fire control.

6. Flai;,e temperatures of the alkali metals.

7. Cor,patibility of burning alkali metals
with various Materials of construction.

". Toxicity problens,

In auuition to the literature review, an inuustrial survey was
mane to determine alkali metal fire control proceuures which are
used at various sites throughout the country.

The effects of inert gas blanketing an6 oxygen partial
pressures on alkali metal fires were evaluateu in Phase III. This
was performed in a combustion chamber where the atmosphere was
varieu from normal atmospheric composition to 900 \r-10% air.

The use of iinorganic salts anu salt mixtures was evaluated
in Phase IV. Data were collecteu on the rate of extinguishment and
the quantity of extinguishant required as a function of fire size.

The original objective of Phase V was to evaluate the
use of inorganic salt loans as alkali metal fire control media. Un-
fortunately, foams are generally water baseu and hence are not com-
patible with alkali metals. Organic foams % ere evaluated and showed
some degree of promise.

Characteristics of alkali metal jet stream ignition were
evaluateu in Phase VI. This work was performed in the chamber used
in the Phase III stuuy.

Lxtinguishment of large scale fires ranging from 100 to
500 pounus of metal was evaluateu in Phase XII. The results in-
uicateu that uata collecteu on a 10 lb fire coulu be extrapolated
to larger fires.

4



III. REVILI1 OF CURRENT ALKALI METAL FIRE
CONTROL PRACTICES (PHASE I)

The literature was reviewed to determine current practices
for extinguishment and control of alkali metal fires. As would be
expected, the information is scant) on alkali metal fires, but wood
fires, hydrocarbon fires and the like are uescribed more extensively.
Fire Research Abstracts and Reviews(l) which was first published in
1958 aeals extensively with the characteristics and techniques of
extinguishing woou anu flammable liquio fires. It is evident
from these journals that fire research is auvancing rapidly.

The results of the literature survey are summarized in
Appenaix I and Appendix II. The data presented in Appendix I re-
lates to non-alkali metal fires and includes a discussion of com-
bustion under zero gravity conditions.

Appendix II summarizes the current practices of alkali
metal fire control and extinguishment. Results of a survey of a
number of sites using alkali metals are also included in this
appendix. Review of these practices leu to the following con-
clusions:

I. Proper system design, construction and
operation are essential for safe handling
of alkali metals.

a. System must be shielded to protect
personnel and equipment.

b. Drip pans must be proviued to contain
anu leaking metal.

c. Sump tanks must be provided to aid
in removal of fuel from fire.

6. Systems must not be located in areas
which contain materials which react
with the alkali metals.

2. Protective equipment must be worn to protect
personnel from injury ano provide maximum fire
fighting efficiency.

a. fleao protection - hard hat

b. Face protection - face shield

c. Eye protection - side shield goggles
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d. Hand protection - chrome leather gloves

e. Body protection - loose fitting coveralls
or clothing or chrome leather aprons

f. Foot protection - leather safety shoes

g. Respiratory protection - respirator or
self contained breathing apparatus
depending upon the severity and
nature of the fire

3. Extinguishants and techniques will depend upon
the type of alkali metal and size of the fire.

a. Extinguishant should be applied gently
in the form of a thick, smothering layer

i - Shovel or scoop application is suit-
able for small scale, well contained
fires.

ii - Pressurizea extinguisher application
is recommenued for large fires.

b. Extinguishing agents used will be dictated

by the nature of the fire.

i - Lithium - graphite

ii - Sodium - treated NaCI

iii - Potassium - treated NaCl

iv - NaK - treated NaCl

v - Rubidium and Cesium - there is
essentially no practical background
on fire fighting of these metals.
It is assumed the NaCI will work
well on these as on sodium and
potassium fires.

4. Proper disposal of a fire residue will minimize
hazards.

a. Residues shoulo be cleaned up as soon as
they have cooleu.

b. NaK and cesium are particularly trouble-
some since they are liquiu at room tempera-
ture.

6



c. Resiuues of potassium, rubidium and
cesium fires may contain superoxides
which are excellent oxidizing agents
anu react explosively with a number
of organic materials.

U. Complete combustion of the residue in
a disposal area is recommenueu. Re-
siuues may also be uestroyeu by dumping
into a water pit if proper precautions
are observed.

IV. REVIEW OF PHYSICAL AND CHEMICAL PROPERTIES
OF ALKALI METALS (PHASE II)

A. INTRODUCTION

Physical and chemical characteristics of combustibles
must be considerea in the development of fire fighting agents and
techniques. Gaseous or vapor fires must be fought differently
than combustible liquid fires. The boiling point anu vapor pressure
of a flammable liquid are important facets of fire characteristics.
Flowing liquid fires are obviously more difficult to handle than
stationary solid fires. Seconuary reactions between extinguishant
ana the fire must be consider u ano a knowleuge of toxic properties
is a necessity when the fire s to be fought by personnel at the
fire site. The factors which should be evaluateu in a study of
alkali metal fire fighting techniques are:

i. Chemical and physical properties of the
alkali metals - melting point, boiling
point, heat of reaction, combustion pro-
ducts, solubility of combustion products,
etc.

2. Chemical anu physical properties of ex-
tinguishing agents - melting point,
reactivity with alkali meas stabilit

at flame temperature anu so on.

3. Toxic properties of both the metals and
extinguishing agents.

B. PHYSICAL PROPEiTILS OF TIlL ALKALI ,IETALS

The ph:'sical properties of the alkali metals are listed
in Table i. All of the alkali metals have a metallic luster in the
pure state anu all are silver in color except cesium v-hich has a

7



TABLE 1 - PHYSICAL PROPERTIES OF THE ALKALI METALS

Lithium Sodium Potassium Rubidium Cesium

Atomic number 3 11 19 37 55

Atomic weight 6.940 22.991 39.10 85.48 132.91

Specific gravity 0.534 0.9721/ 0.859 1.532 1.873

Specific heat(cal/gni/0C) 0.7951 0.292 0.173 0.0802 0.0482

Melting.point (,C) 186 97.7 63.6 39,0 28.45
(OF) 357 208 146 102 83

Heat of fusion (cal/gin) 32.81 27.5 14.63 6.144 3.766

Heat of fusion (cal/gi atom) 228 632 572 525 501

Boiling point (*C) 1,336 892 774 696 670

(01:) 2,440 1,618 1,400 1,270 1,260

Heat of sublimation at
25%C(Kcal/gii atom) 36.44 25.95 21.52 20.50 18.83

Atomic radius in A' 1.56 1.86 2.23 2.43 2.62

Ionization potential (volts) 5.37 5.12 4.32 4.16 3.87

Oxidation potential at 77*1:(25 0C)
(E volts) 3.02 2.71 2.92 2.99 3.02

F-1aic coloration carmine yellow violet bluish- blue
red

Solubility of 02 at
50001, (250 0C) (%) 0.012 0.006 r-'0.5 >1 .,>3

hleat of formation
(AIIf°,Kca1)* -142(Li 2 0) -99.4 -86.4 -78.9 -75.9

-47,.2(l.j iN)

*These values are based on the assumption that the monoxides are formed
during combustion.
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golu color. They are relatively soft and of such a consistency
that they can be cut with a knife. "lheir melting points are re-
latively low, ranging from 830F for cesium to 357 F for lithium.
They exhibit excellent heat transfer properties, hence their use
as coolants is of interest. I'hen contained in a pure state,
particularly free of oxygen, they are non-corrosive. The low
melting points auu to the complexity of alkali metal fires since
they are liquias at the flame temperatures. This property also
increases the reactivity of the alkali metals with many materials.
In contact with water, the exothermic reaction raises the tempera-

82 ture, which causes the metal to melt, which increases the surface
area for reaction. For this reason lithium, with its higher
hielting point, is less reactive than the other alkali metals.

Specific gravity of the alkali metals must be considered
when a smothering salt is useu as the extinguishant. If the salt
has a hi~her specific gravity than the alkali rietal,there is a
tenuency for tile salt to sink exposing fresh maetal and extinguish-
ment cannot be obtaineu. Comercial preparations of NaCI (Sp.Cr. =

2.1f5) iwill sink in lithiuI (Sp. Gr. = 0.534) rendering this
material unsuitable as a lithium fire extii-guishant. The denser
metals, such asrubiuium anu cesium shoulu supp.ort a salt crust
better than the lighter alkali Metals. hiowever, lack of oxiae for-
ination on the surface due to high oxygen solubilities in the
heavier alkali metals can be aetrimental since there is no oxide
crust on whiich the extinguishant can be supporteu.

Specific heat shoulu have somie effect on the charac-
teristics of alkali metal fires. Lowever, the heat of cCbustion,
1600 cal/& for soeiuM, is high enough to minimize any cooling effect
of the bulk of the metal.

Boiling points of the alkali metals are extremely high
compareu to boiling points of flammable organic fluius. Nany
liquius are flammable because of the high vapor concentration above
the liquiu surface with the vapors burning rather than. t]he liquiu
itself. It is unlikely that the alkali metals burn Dy this
mechanisr. although the boiling points of the metals are approacheu
in burning quiescent pools. Eowever, alkali metals can ignite at
temperatures where the vapor pressure is eliil - in fact
ignition w;ill occur at a few aegrees above the ielting point.

C. LIIL,.ICAL IPihOPEITIES OF ThE ALIKALI ,[TALS

The alkali metals are all extremely chemically reactive,
with the reactivity increasing with an increase in atomic weiLht.
They are all strong reuucing agents anu reauily form univalent
positive ions. Alkali metals react with water with explosive
violence. Although they inite spontaneously in tile atmosphere,

9



it has been reporteu that they can be heated in an atmosphere of
ury oxygen to their melting points without reaction. Lithium
reacts with both oxygen and nitrogen in the atmosphere, forming
Li 2 0 anu Li3N. Sodium icacts with atmospheric oxygen forming
either Na20 or Xa202 . The remaining metals, potassium, rubidium
and cesium, react with oxygen to form superoxides of the form MO2
or .120 4 . (The superoxiues are useful in self-contained breathing
apparatus and are now being considered as oxygen supplies in life
support systems in space vehicles.)

The alkali metals ignite spontaneously at temperatures
slightly above their meiLing points. A significant temperature
range for ignition tempelatures exists since spontaneous ignition
depends upon the humidity, character of the exposed surface, de-
gree of dispersion and so on. During combustion, only small flames
are visible but an intense light is rauiate6 from the burning mass.

Alkali metals react exothermically with the halogens,
emitting light. Hence, halogenated hyurocarbons such as CC14 can-
not be useu to extinguish alkali metal fires. The reaction of
alkali metals with CC14 is nearly as violent as the reaction with
water. In general, any of the alkali metals will reduce salts of
alkali metals of a higher atomi- weight. This factor must be con-
sidered in choosing a salt extinguishant since reduction of the
salt cah result in a fire of the alkali metal originally combined
in the salt. For example, NaCI used on a lithium fire can result
in a souium fire.

iistorically, CO2 has not been usCU as an extinguishant
for alkali maetal fires. This is not to suggest that a violent
reaction hill occur, but sccoruary proaucts which are formeu can
be hazaruous. Formation of CO in closed environments could lead
to asphyxiation of fire fi hting personnel and it has been suggesteu
that carbonyls, which are potentially explosive in nature can be
formeu.

D. TOXICITY 01: TIlE ALKALI METALS

Because of their extreme reactivity, it is unlikely that
the alkali metals will exist as free elements in the atmosphere.
Hwevcr , the oxiaes, hydroxiucs and carbonates can become airborne
anu pose inhalation hazarus. The principal hazard seems to be
the caustic effect which can damage lung tissue. Values for a
lethal uose of 50% (LD-50) of the alkalinital chlorides on in-
traperitoneal auministration in mice are

10



Salt LD-SO (i.-kg)

K CL 670

LiCl 1060

RbCl 1209

CsCl 1683

NaCI 3096

Cochran, et al( 3 ) reporteu an LD-50 of 1200 to 1500 mg/kg for
CsCI, Csbr, CsI anu CsNO3 and an LD-SO of 100 mg/kg for CsOH. 1he
caustic effect is uran.atically shown by these comparative values.

. EFI-ECTS OF INERT GAS BLANKETING ANd OXYGEN PAPTIAL
PRESSURE ON ALKALI NIETAL FIRES (PIIASL III)

A. INTKOUCCTION

The purpose of this phase of the stuuy' was to uctermine
the effect of atmospheric conuitions on the sevefity of an alkali
metal fire. The effect of oxygen partial pressure at nermal at-
mospheric pressure anu the effects of reuuced absolute pressure on
fire characteristics %%ere stuuied. The data shoula inuicate the
atmospheric conuitions which can inhibit an alkali metal fire; it
shoulci also uemonstrate the effect of venting the compartment of a
high altituce craft. Table 2 shows the physical characteristics of
the atmosphere up to 100,000 ft. Evaluation of combustion charac-
teristics in pure oxygen atmospheres at reuceu press. :e was not
a part of this stuuy.

B. AI'PARATU S

The coitrolleu atmosphere combustion chamber was con-
struc'eu of 1/4 i. -arbon steel plate and was approximately 3 ft
x 3 ft x 3 ft. Figure 1 shows a schematic uiagrari of the com.-
bustion vessel alia a ihotograph of the combustion chamber. Rein-
forcing bars on the outsiue of the chamber preventeu collapse of
tie walls uuring reuuceu pressure operations. The chamber held a
vacu,-ni of 0.1 atmosrhere for 4 oays. The cLamber -as fitted with
4 view I.orts for observatior aru filr.;inb of the fires. C1 ,enirs
were proviuea for evacuation, sampiling and aujusti;.ent of the
chaiaber atouspiherc. Access to the ciiaJber was through a square
1 1/4 ft uuocr.

II
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The alkali metal was contained in a 3 in. dia. x 3 in.
Ueep combustion vessel. The vessel was fitted with a lid which
was bolteu in place after the vessel was fillcui with alkali metal.
Heat was supplieu to the vessel with four 27S watt Chromalox
heaters positioned in a heating block located outside of the chamber.
Temperatures were miasureu in the heating block, the alkali metal
and " I in. above the alkali metal surface.

After the metal was charged to the combustion vessel,
the vessel was placed in the chamber and connected to the mani-
pulating rous which permitted removal of the lid after the chamber
hau been sealeu, the atmosphere adjusted and the metal heated to
temperature. After the combustion vessel had been secured in the
chamber, the access uoor was bolted in place. The chamber atmos-
phere was aujusteu by either pumping down to the desired absolute
pressure or replacing the atmosphere with the desired oxygen-inert
gas mixtures. Gas samples were transferred to the mass spectro-
meter for atmospheric composition analyses. The heaters were
turned on anu the combustion vessel was heated to the uesired
temperature. The lid was then removed from the vessel and the
alkali metal ignited. The run was allowed to proceed until the fire
extinguisheu itself or the melt was completely combusted.

C. RESULTS

Table 3. lists the results on the effects of inert gas
blanketing anu oxygen partial pressures. The weight of the various
metals was varied, depenuing upon which metal was being used, so
that the ratio of air to metal was 10 times that required for com-
plete combustion. The alkali metal weights varied from 100g of
souium to 600g of cesium. Initially, an attempt was made to analyze
the gas remaining after combustion, but the quantity of gas con-
sumed was too small to allow reliable analyses. Each metal was
exposeu to air in the chamber at I atm (oxygen partial pressure -
0.2 atm) ant 0.1 atm (02 pp - 0.02 atm) and to atmospheres con-
taining 50% air-50% Ar (02 ppa 0.1 atm) and 10% air-90% Ar

(02 pp - 0.02 atm). After the combustion ceased, the residues
were removed from the chamber and analyzed for residual free metal.

Lithium exposed to normal atmospheric conditions did not
ignite at 54-0°F. When the metal was heated to 6000 F, it did ignite
and gave a maximum flame temperature, as measured I in. above the
combustion vessel, of 1420°F. At 0.1 atm and with 50% Ar and 90%
Ar, lithium did not ignite even when heated to 8000 F.

Sodium at 500 0 F ignited immediately when exposed to
normal atmospheric composition, with 78% of the metal consumed in
the fire. The maximum flame temperature was 1100 0 F. A repeat run
under these conditions showed 82% combustion and a maximum flame

14
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I TABLE 3- EFFECTS OF INERT GAS BLANKETING AN) 02 PARTIAL PRESSURES

IRun HetaI Temp. PlietnI Absolute Oxygen Max imum Rcnrks
No. ('I) Buied Pressure rartiat flame Temp.

-- Itn)_ Z ( " r)__

Li 540 76 1 0.Z 1420 No ignition; pot heated to 600*F end
metal Ignited.

2 Ii 560 0.1 0.02 -- No Reaction; surface 201 black.

3 LI00 -- 1(2) 0.1 -- No ignition.

S 4 1.1 s (Z) 0.1 -N o iJnltion, metal stirred.

S LI 50 1(3) O.OZ -- Small wisps of smoke; no reaction.

3 6 Na S00 78 1 0.2 1100 Sample l.nitrd upon removal of lid.

7 Na 500 82 1 0.2 1170 Sample ignited upon removal of lid.

8 UIa $00- 0 - 0.1 0.02 -- No ignition: occasional sparking.

9 a $00 --173) 0.l(0.8)( 4) 0.02 1180 No Ignition; air admitted to chamber
with Ignition at 0.8 atm.

10 Na SOO 53 I(M) 0.1 103n

i N1 Ma 490 - () 0.02 No ienitlon.

I2 K S00 79 "1 0.2 800 Sample Ignited.

13 K $00 86 0.1 n.OZ 700 No fire: wisps of smoke; slow oxidation.

14 K S00 49 1(2) O.1 7so

is K SsO 46 ( (3 )  0.02 350 Metal on side of vessel reacting.

16 fib 500 100 1 0.2 670 Snoko but tio flnme.

17 lb SZ 96 0.1 0.02 -- No fire; sides of pot and surface of
metal turned black.

IA fib SOO Ioo ( )  Im 0.1 $00 No fire; heavy sr-oke reaction around
upper edre of pot.

19 1ib 480 loo 1)  i(3) 0.0. 200 No fire but heavy snoke.

20 50 1000 )  I I1.Z 620 Smoke but no flame.

23 :s S25 100( 1) 0.1 0.OZ 300 No fire; white oxide on surface; oxide
turned black.

22 Ls 480 00() i) 0.1 240 No fire; imall amount of si'oke coming
from side of pot.

23 (s 480 lo000 )  !(3) 0.02 150 No fire but a small amount of smoke
coming from sides.

(1) No evide,,te of free mietal

(2) 5$0 air - SOt arl:01

(3) lOt air - 901 argo

(4) No I,:ition occurred at 0.1 atm so air was admitted

to the chamber with Ignition at 0.8 atm.
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temperature of 1170 0 F. At 0.1 atm sodium uiu not ignite but
uiu emit an occassional spark. Air was slowly admitted to the
chamber and the metal igniteu at 0.8 atm with 73% of the metal
consumeu, In the 50% air-50% Ar mixture, souium ignited and 53%
of the metal burneu; the flame temperature was 1030F. No ignition
occurreu in the 10% air-,0% Ar mixture.

Potassium at 500OF ignited when exposed to air at normal
atmosphere composition with 79% of the metal consumeu and a maxi-
mum flame temperature of 800 0F. At 0.1 atm, the metal dia not
ignite but it uiu slowly oxidize. The maximum temperature above
the metal was 7000 F; 86% of the metal was oxiuized. Potassium
aid not ignite in the 50% Ar anu 90% Ar atmospheres but again it
slowly oxidized with 49% consumed in the 50% Ar atmosphere and 46%
consumeu in the 90% Ar atmosphere. The temperature above the metal
rose to only 350OF uhuer the latter condition.

Rubiuium at 500 0 F was completely consumed unuer all of
the atmospheric conditions, However, the characteristic emission
of light ana uense oxide vapcrs normally associateu with lithium,
sodium and potassium fires were not evident with rubidium. Some
smoke was given off, but no oxiue was formeu on the surface of the
metal and there was no emission of light. The maximum temperature
measureu above the combustion vessel Las 670 0 F. The resiuue after
combustion was a uark Urown to black mass and uiu not resemble a
resiuue of lithium, souium or pctassium fires. Figure 2 shows a
comparison of residues of the alkali metals.

Cesium behaveu in a manner similar to rubiuium. Little
smoke aru Ito emission of light was observeu uuring oxiuation of
the metal. The metal was completely consumeu and a maximum tempera-
ture of 620OF (under normal atmospheric conuitions) was observed.
With an atmosphere of 10% air-90% Ar, the metal was completely
oxiuizeu but the maximum temperature recorueu above the combustion
vessel was 150 0 F. Auitional uiscussion of the oxidation charac-
teristics of rubiuium anu cesium appears in the next section.

VI. EXTINGUISHMIENT OF ALKALI METAL FIRES USING
INOiGANIC SALTS AND SALT MIXTURES (PHASE IV)

A. INTRODUCTIO;N

The objective of this phase of the study was to evaluate
various salts anu salt mixtures as extinguishants for alkali, metal
fires. Tnte effectiveness of these salts on potassium, rubidium anu
cesium fires was of particular interest since little data existea
on the extinguishment of these alkali metal fires. Salts extinguish

16
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fires primarily by smotheripg the buring mass and excluding oxygen,
although some cooling may 1.e realized as a result of the heat ab-
sorbea during fusion of th >alt. It is essential that these salts
are absolutely dry and essentially non-ieactive with the alkali
metal. They must floaton the liquid alkali metal or be suspended
on the alkali metal oxie anO must not be susceptible to burn-through.

It was recognizea that a "stanaard fire" must be selected
to compare the efficiencies of the various salts. Four combustion
vessels with capacities of 0.1, 1.0, 10 and 100 pounds were fab-
ricateu and a number of preliminary tests were made to extinguish
a stanuaru fire size. Use of rubidium anu cesium for the larger
fires (over 1 Ib) was not economically feasible. It was found that
data generateu with a 10 lb fire could be reliably extrapolated to
larger fires although these extrapolations are more logically based
on fire surface area rather than weight.

P iyr to the experimental studies on this phase,
Frieur iIhs work on alkali metal fire extinguishment was re-
vieweu. As a result of his work, several high boiling point or-
ganic liquius were evaluated in aduition to the salts. Friedrich's
work is summarized in Appendix III.

B. SELECTION OF SALTS TO BE USED ON ALKALI METAL FIRES

Salts to be used as extinguishants for alkali metal fires
should exhibit certain characteristics. These characteristics
include:

I. Non-reactive with the alkali metal

2. Melting points equal to or greater than
the alkali metal flame temoerature

3. Density less than the alkali m-tal density

4. Non-toxic

The ultimate salt would be one with a melting point equivalent to
the flame temperature so that the salt in contact with the fire
would fuse and form a "glass" crust over the metal. In this fashion,
oxy.gen woul, be excluded from the fire.

It is also required that the salt be non-reactive with
the alkali metal. A reactive salt could increase the temperature
of the melt or, if explosively reactive, could spatter the alkali
metal over a large area. One exception to this rule would be if
the reaction proaucts would form a fused coating over the raw metal.

18



A salt with a uensity less than the alkali metal is ue-
sirable since the salt w;'ould thei float on the surface. Since the
uensity of the alkali metals range from 0.534 gm/cm 3 for lithium
to 1.873 gm/cm 3 for cesium, it is difficult to select a salt less
uense tnaii the alkali metals. Fortunately, the oxides of lithium,
souium, NaK anu potassiur;, forri a coating on the metal surface thus
minimizii. this uensity requirement.

The uesirability of non-toxic properties is obvious.
This is particularly true in manneu craft x .here uilution of the
toxic vapors %;ith large quantities of the ar.bient atmosphere is
not fea.5iile.

Table 4 lists a number of salts %.hich %..ere consiuered
as potential canuiuates for alkali metal fire extinguishment.
Table 5 lists a number of salt mixtures which i erc consiuereu.

C. LSTA6LISIO-ILNT OF STANiAID FIRE

Four circular combustion pans %.ere fabricateu for this
phase of the stuuy. Typical configuration of these pans is shown
iii Fi~ure 3. Characteristics uf these pans are presenteu in Table
6. The rians were sizeu so that, when filled half way, they con-
taineu 0.1, 1.0, 10 or 100 lbs of metal. The surface to volume
ratio was 0.65 to 0.69/i. By maintaining the same ratio in each
pan, uata from the various sizeu fires could be extrapolated
either on the basis of surface expcseu or wcight of metal burning.

The paIrs were fabricateu of 304 stainless steel and were
instrumenteu ..ith thermocouples to inuicate the bull, metal tempera-
ture anu the flame temeerature. A typical run proceeueu as follows:

1. Charge pan with alkali metal
2. Place liu on pan
3. Maintain metal unuer inert cover gas
4. Heat metal to S00°F
S. iemove li
6. Allow fix.e to reach maximum flame temperature
7. Apply ex t gu4shant
8. After fire was extinguished, rekindle

anu allow to burn to completion
9. Wash resicue from pan with v-ater.

'otion pictures were taken of all of the runs which were maue anu
the research films are being submitteu as part of the contractual
agreements.

Initial efforts on uebug&ing the equipment anu establishing
a stanuaru fire were conoucted with souium metal. These results are
presenteu in Table 7. Runs 1-307-1, 2-307-1 and 1-307-3 were made
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I
TABLE 4 - SINGLE SALTS CONSIDERED FOR ALKALI

METAL FIRE EXTINGUISHMENT I.

bxf'nguisiant M. P.(°C) Specific Gravity Reactivity( l) Toxic Propertiesl

A1203 2050 3.5 -J
A12(S0 4 )3  770 2.71 11 1
AIBr 3  97.5 3.01 + H
AIC13  190 2.44 + H

B203  294 1.84 - M
B4 C -107 1.43 = M
BN 3000 Subl. 2.20 - Nn

BaO 1923 5.72 - M
BaCO3  17,10 4.43 - M
BaBr2 847 4.78 + M i
BaC1 2  925 3.85 ? M

CaC2 04  d 2.2 + M
CaCO 3  1339 2.71 S _
CaF 2  1360 3.18 H
CaBr 2  765 3.35 + H
(;aC1 2  772 2.51 S

Cs 2CO3  d610 -- + U
Cs 2 0 d360-400 4.36 + U
Cs 2C20 4  -- -- + H m

CsF 684 3.58 H
CsBr 636 4.44 + H
CsC1 646 3.97 Ui
CsI 621 4.51 + H

K2C204  d 2.127 + H 1
K2C0 3  891 2.428 H
K20 -- 2.56 H
KBr 730 2.75 + H I
KCI 776 1.98 H
KI 723 3.13 + H
K2SO 4  588 2.66 H
KF 880 2.48 H

Li2C204  d 2.121 + H
Li2CO3  618 -2.111 M I
LiBr 547 3.464 + H
LiCi 613 2.068 -J
LiF 870 2.601 H j
NlgO 2800 3.58 M

I
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I TABLE 4 - Continued

Extinguishant M. IP.(°C) Specific Gravity Reactivity( 1) Toxic Properti

Na 2C204  ? 2.34 + H
Na2CO3  -1120 850 2.25 -

tiesi Na2SO4  884 2.69 -
NaF 880-997 2.79 II
NaBr 755 3.20 + H

I NaCI 801 2.16 N
Nal 651 3.06 + H

NI4 F Subl. 1.31 + H
NII4CI Subl. 335 1.52 + S
NIl4 Br Subl. 542 2.42 + H

I NH4I Subl. 551 2.51 + M

Rb20 400 3.72 1H
Rb2CO3  837 -- HE RbBr 682 3.35 + H
RbC1 715 2.76 U
R bF 760 2.88 H

I RbI 642 3.55 + H

SiO 2  1710 2.32 + .1
SiC 2600 Subl. 3.21 S

SrCO3  1497 3.70 S.

1 (1) + indicates probable reaction; - no reaction

N -Toxicity 
Rating Code-Acute Inhalation 

Only

N - None
S - SlightE M - Moderate
H - High
U - Unknown

I Oxalates - Corrosive, produces local irritations dangerGus fumes when
heated (3).

I Fluorides - Very toxic, acute effects due to [IF (3).

Bromides - Toxic fumes when strongly heated; can produce depression,
I emanciation, psychoses, rashes (3).

Iodides - Toxic fumes of iodine when heated (3).

! Chlorides - Vary widely, as NaCl has low toxicity and COC1 2 is very toxic.
Can combine with 112 to give toxic HC1 fumes.

1
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I
TABLE 5 - SALT MIXTURES

Salt Mixtures (Wt. 7o) M. P. (0 c) Toxic Properties

43.87 NaCi - 56.13 AIC13  110 H
15.45 NaCl - 84.54 C1G12  490 U

71.79 NaCI - 28.21 LICI 552 M

27,34 NaG1 - 72.66 MgC1 2  450 M

50 LiCI - 50 KCI 287-323 M
33 LiCI - 33 KC1 33 CsCl 425 M
50 LiGl - 50 KGI - 5 CsC1 287-323 U
50 LiCl - 50 KCI - 10 CsCi 287-323 U
57.02 LiCI - 42.98 KC1 443 M
2237 LiCI - 77.03 KGI 350 M
73 Lil - 27 BaC12  510 M
62 LiGl - 38 CaCl 2  496 M
40 LiCl - 60 LiZCO 3  506 M
79.42 LiCl - 20.58 BaCI2  510 M.
20 Lidl - 80 LiF 485 H
75 LiGI - 25 LiBr 520 H

12 LiBr - 88 LiF 453 H

26.77 LiF -. 73.23 LiZMoO4  620 H
75 LiF - 25 LiZCO 3  604 H
30.87 LiF - 69.13 KF 492 H
28.32 LiF - 71. 68 NaF 652 H
5.17 LiF - 94.83 AIF 3  7Z0 H
27.42 LiF - 72.58 KF 492 H

25.52 Li 2 0 - 74.48 B20 3  620 M

73 NaBr - 57 NaZSO 4  625 H
'J ' A % l-kl

2-.4 Na-Br - 7 .51 CsBr 460 H

32 Nal - 68 Gsl 435 H
6.5 NaCI- 93.5 CsF 615 H
40.75 NaF - 59.25 KF 710 I

47.76 CuSO 4 - 52.24 KzS0 4  460 M
52.91 CuSO 4 - 47.09 NazSO4  500 M

22
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i TABLE 5 - Continued

Salt Mixtures (Wt. %) M. P. (0 C) Toxic PropertieB

21.26 KCI - 78.74 BaCI 2 655 M
25.31 (KPO 3 )2 - 74.69 K 2S0 4  718 M
36.85 KGI - 63.15 HgCl1 182 H
30 KBr - 70 K2 S0 4  660 H
45 KMoO4 - 55 MoO 3  465 S
25 MoO 3 - 75 NaZO 499 H

43 MoO 3 - 56.37 NazO 552 H
62. 34 MoO 3 - 37.66 K2O 470 H

' 70.17 Cs 2 O - 29.83 MoO 3  460 U

{ 75 GdBr z - Z5 ZrBr 2  364 H
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I TABLE 6 -CHARAC;TERISTICS OF COMBUSTION PANS

Pan Cross Scctional W~eight of Volum.e o Surface to Volume
Dia. Area (in2) Mietal Metal (in )Ratio (Sly)

____ ____ ____ ___(Ibs)_(1)

1.6 2 0.1 2.9 0.69

5 19.6 1.0 29 0.68

15.5 189 10 290 0.65

I 51 1950 100 2940 0.66

I (1) Based on Na

I2
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TABLE 7 - SELECTED DATA ON ALKALI

I

Run No. I'let~ Temp. H. II. Wind Vel. Weight of Time to Reach Max. Temp. :xtinguishant

(1-) (1) (ft/min) Metal Max.Temp. ( F)
(Ibs) (MI n.)

1-307-5 Na 500 46 400 10 37 1370 Ilet-L-X

2-307-5 No 500 58 200 10 9 11lO Iet-L-X

1-307-10 hu 500 0 250 100 27 1620 Met-I-X

3-307-13 Na S0 8 70 10 10 lO00 ?et-l.-X

6-307-5 Li 500 55 0-30 1 7 2000 Met-l-X

7-307-5 Li 500 60 0-5 1 8 2000, ket-I.-X

7-307-5 1.1 500 40 0-20 1 2000 ABC (Ict-I.-X)

6-307-8 s 500 3Z 170 0.1 6 6ZO Met-I.-X
S-307-S K Soo & 180 10 28I00Met-L-X

3-307-5 Na 500 54 200 10 13 1140 Purple K

4-307-S Na So0 54 zoo 1 15 1160 Carbon Wool I
9-307-9 Na 500 58 75 10 7 1280 Graphite

2-307-6 Na 500 40 40-100 10 10 1360 Na3 PO4
5-307-8 Na S00 32 170 1 4 1130 Na3 O4
3-507-7 Na 500 40 40-100 10 5 1520 Vn4 P2 07

7-307-8 N;t 500 46 350-400 10 10 1290 Ca3(P04) 2

8-307-9 Ila S0 30 1 - 10 12 1320 Ca3(PO4)2
3-307-7 Na 500 41 100 1 8 1140 NaF

3-307-7 fia 500 41 100 1 2 1260 NaCl

4-307-8 Na 500 42 170 1 4 1280 Kr

4-307-8 Na s00 42 170 1 3 1080 KCI I
3-307-7 Na 500 41 100 1 5 1180 1it

3-307-7 Na 500 41 100 1 4 1230 iCl

3-307-7 Ila 503 41 100 1 2 1130 I.Br

4-307-8 Na 500 42 170 1 i 1240 KlHr

7-307-8 Na 500 46 350-400 10 17 1520 AI2 03  m

7-307-8 Xa 500 46 350-400 10 26 1410 AIC13

8-307-9 5a So0 30 -- 10 is 1500 CaS04

9-307-9 Na Soo 58 7S 10 4 1310 11203

4-307-12 sa 500 28 0-60 10 1200 l.ithium Fluoride

2-307-15 Na 500 - 60 10 5 1580 TIC Powder •

Na 500 60 10 S 1380 TIC Powder

NaK 500 -10 10 4 1220 TIC Powder

K 500 100 10 5 1180 TIC Powder

lI Soo 250 10 8 2000 TIC Powder

2-307-10 N 500 8 0-40 10 I020 Isopropyl Biphenyl G C02

3-307-10 Li 500 68 0-40 10 1420 Isopropyl Biphenyl t CO2

2-307-11 Na 500 54 75 1) 12 1020 Mineral oil

6-307-11 Na 500 48 500-600 i0 15 1320 Tetrahydronapthnlene

7-307-11 ha 500 48 500-600 10 8 1300 90, Tetrahydronapthalcne

101 Brornochloromethane

8-307-11 Ila so 48 500-600 10 7 1250 90% Isopropyl Riphenyl
102 Bromochloromethane

1-307-12 '4a 500 40 200 10 5 128O 8o Isopropyl Biphcnyl
20t Bromochloromcthane m

2-307-12 Sa S0 32 40-110 I0 S 1180 80go11opropyl Biphcnyl
201 Bronochloroncthane

1-307-13 Na Soo 66 0-70 I 1160 0 lcnpropvI I1lphenyl
201 Orovochinrorcthane

3-307-12 fin 500 28 0-60 1' 1150 liphenyl

2-307-13 Ila 50l 40 345 0.1 800 Bromochloromethane 1
1-307-11 Na Soo 42 0-5 10 12 950 Sodium Stearate
5-307-12 Na 500 58 80 10 5 1ono Sodiur Stearatc

3-307-13 1I, 500 38 280 10 12 1,00 Sodium Steirate I

I
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I
METAL FIRE EXTINGUISHA. !S

U Qua'ntity of lime to ethoo of (onrefntI
Lxt i igoui sha t Lxt I 1.tui sh ApljI iL|at Io

i 71 1 r Ixik seire ext lnguisf,ed, I,.iris throurlh it. 2 min.
41 0.8 %hovel tire extivi.uasheJ, Waurns throuh if, 2 nin.

801 3.5 I xt tguislier 300 extinru lt)er insuIffca:cat, IsO* unit extinguished fire.
20 1 ShoeI I xti iquished quic Ily, no burn throu.lh.

131 .. ;.hoveI Fxtin:utslant tenids to sink.

31 1 Shovel Secondaree godion flatnus.
21 - hovel iolcnt reaction.

... "hovel ltingui-hatit sinks, but retal cools.
lS I .7. tfiaquisher I Xt itju10hk.

... Shovel nec rea.tion, dot'c --ot extini.U:sh.

--- Shovel (arl-or kool enhances conlu'tion.
61 1.Z5 Shovel (overs well. but fire burns through ira 2-3 minutes.
61 .oo SlhUel Ixtini:tihes lut later relgnltc.
71 0.5 I.xtinruishcr lire jist out quickly, but burns through after S ninutc.
6I --- Shovel Reaction.

--- Shovel Reacts.
... Shovel Does not extinguiih.
... Shovel loes not extinguish.
... Shovel Ixtintguishes. rell,nitcs
--- .huvel Some reaction, uocs not extin.uisla.

... S'tovel lxtinguishcs, but fire burns through in a few seconds.
--- huvc! lxtintguishes but fire burns through.

Shovel Ixtinguislics but fire l'urns through.
Shovel Initial flare up, does not extinguish.

... Shovel Reacts with burnin, octal.

... Shovel liDoes lint cxtintguish.
i Shovel Reacts.
--- Shovel R~eacts.

Stn, ShoI Reacts.
30 1 Shovel Ixtitilpuisied very quickly, no burs through.

25 O.S Shovel I xtin;uilied; no burt. through
2. SI 1.0 lx t i ngui sher I At i tn.ui %hed.
2.5f 0.5 Nhove I Ixtinguii hed.
3.01 1.0 Shovel Ixtinl:ui-hcd after oxide coatiag forred.

... Shovel lid rot cxtintulkh .

.lubinb. Ixtinguihed 'Na fire; secondary fire extinguished with O2 .
Tubing Nid not extin:uish.

!2 liters luii hint rol temp., but does vot extinguish.
I liter ... lubing Itve not extinguish.
l liter ... luhing lives not extintuinh.

I liter ... lubing Does not extinguish.

I liter Tubing Put out fire but sodium came to surface and reignited.

2 liters .. luhing Put out fire hit sodium came to surface and reignited.

I liter 3 Tubing Surface uns flooded, fire extinguished.

2.28 ... Shovel Rapidly consuneti , no effect on fire, small temperature drop.

0.5 liter ... Tubing Reacts.
2" 9 Shovel Ixtinguished fire; cecondarv flash fire.
35 S Shovel Ixtinushcd but with flash secondary fire which died quicly.
(o ... Shovel Did not extlnguith, molten Li cane through crust.

I
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with 0.1 lb charges of soiunt iin a 1.6 in. uia pan. The oxide
which formeu as a result of combustion rapidly formeu a crust over
the surface of the metal and the fire was self-extinguishing. The
maximum flame temperatures were 780 to 950 0 F; when the surface
crust was broken anu the metal agitateu, a flame temperature of
1480'F was attaineu.

Runs 2-307-2, 3-307-2 anu 2-307-5 were maue with 1 lb
charges of souium in a S in. uia pan. Although these fires were
not self-extinguishing, the flame temperatures rose to only 1200-
14200 F; it was predicteu that the flamie temperature shoulu go as
high as the boiling point of souium (16000F).

Runs 1-307-2 anu 4-307-2 were made with 10 lb charges of
sodium in a 15.5 in. dia pan. The flame temperatures were 1710*F
and 15500 F, respectively. There were no signs of self-extinguish-
ment with the 10 lb fires.

Run 1-307-10 was maue with a 100 lb charge of sodium in
a 51 in. uia pan. The flame temperature was 1620OF anu time to
reach the maximum temperature was 27 min; the 10 lb fires reached
the maximum temperature in 6-14 mrin.

The criteria selected to uetermine whehter results with
a certain size fire coulu be extrapolateu to larger fires were:

I. That the fire would not be self-extinguishing.

2. That the flame temperatures would be similar.

On the basis of these results, it was felt that results from a
0.1 lb fire could no- be extrapolatev to larger fires since the
fire could be self-extinguishing and the flame temperature could be
600-800OF lower than a large fire. The I lb fires were not self-
extinguishing, but the flame temperatures were 300-400OF lower
than the larger fires. Flame temperatures were the same for 10 and
100 lb fires, and there was no evidence of self extinguishment.
Thus a 10 lb fire was selected as the stanuard fire size. Some of
the later screening stuuies were maue on I lb fires, but the primary
objective of these fires was to establish whether there was a re-
action between the extinguishant and the burning alkali metal.

D. CHARACTERISTICS OF OTHER ALKALI METAL FIRES

1. NaK Fires - A 1 lb NaK fire was ignited and the flame
temperature reached I040°F in 13 min. The crust formea on the NaK
surface was similar to that formed or, sodium fires, although
initially there is a tendency for the resultanc oxide to go into
solution in the molten metal. A large scale fire (100 lb NaK)
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resulteu iin a miaximu flai:ie temj.perature of ,-14SO°F. on the basis
of past experience, souiua and NaK fire characteristics are
;ssentially iuentical except that NaK is liquiu at root: temperature.

r Therefore freezing uoes not serve to quell leakage of .aK from a
syster, or inhibit the floi% of metal across the surface onto which
',iaK has leakeu.

2. Iotassiui: lires (K) - A 1 lb potassium fire was
i 6 niteu at 50OOF and the flame ter..perature reacheu a maximui. of
124001 iii 11 iiin. Initially, no i:assive oxiue filr,: was fori,.eu on
the surface, although there was visual eviuencce of oxide Leing
formeu anu then joingL into solution in the potassiu., melt. The
solubility of K20 in potassium has been measureu as 0.5. at 527 0 F.
A surface oxide uiu form after NIO main of oxiuation; this probably
was a result of the jitelt being saturateu %..ith K2 0. Lack of oxide
crust formation on the surface causeu some concern with respect to
fire extinguishment since the oxiue crusts in souium, lithium and
NaK fires serveu to suipport the extinguishing salts.

3. Lithiu' Fires (Li) - A 1 lb lithiur., fire was igniteu
n at 50001. anu the flame temtperature reacheu 1780 0 F in 6 min The

light enitteu from a lith3.urn fire is brighter than any of the other
alkali metal fires ano can best be uescribeu as a brilliant white.
The oxiue which was formed migrateo up the inner uall of the vessel
anu uown the outsiue wall briugir.g the space between the pan and
the ground, a distance of 1\)l2 in. rree metal was urawn into the
oxide by a wicking action ana the oxide briuge ultimately acted
as a siphon and drained retal from the pan. The oxides formed
uuring souium and NaK fires also wick up free metal anu have a
tendency to climb over the side of the containment vessel. Sub-
sequent lithium fires demonstrated that the oxiue will invariably
migrate over the walls of the vessel. Lithium was the most corrosive
of the alkali metals and the tops of the combustion pans where the
oxiue concentrations were the highest were generally corrodeu
through the wall thickness (1/4 in.) in one fire.

4. Rubiuium Fires (RIb) - A 0.1 lb rubiaium fire was
,id igniteu at 500FI ano reacheu a maximum temperature, above the melt,

of 600°F in 8 min. The characteristics of this fire were completely
contrary to all predictions Iaue for rubidium fires. When the lid

Iry was removeu from the 500OF melt, a reaction at the alkali metal-air
interface was evicent. However, the rmelt retaineu a mirror surface
anu there was no evidcncc of oxiu crust formation or flame. Small
wisps of smoke were emitteu but these originateu at the walls of
the vessel where oxiuc particles were formed occasionally. The
temperature of the maelt rose to a maximum of 800F anu then slowly

le receueu to ambient teiinperature. The resultant combustion products
were a haru, soliu black mass.
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S. Cesium Fires (Cs) - Three cesium fires were ignited
at 5000 F - two 0.1 lb and one 1 lb fire. The vessels were heated
to 500°F and the lids removed and, as ivit, rubidium, the fires be-
haveu differently from what was predicteo. No visible flames
were present anu the maximum temperature was 880°F. Cesium
pipetted from the vessel with a stainless steel tube and dropped
through the air into the vessel ignited uuring uescent but did
not cause ignition in the vessel. To assure that a sufficient
supply of oxygen was available, a stream of oxygen from an oxy-
acetylene torch uas uirecteu onto the surface of the metal. Al-
though tiere were no visible flames, the temperature of the melt
rose to 1500°F at the surface. Comparison of the sodium anu cesium
fires inuicates that the oxiue fcrration on the surface aids in
combustion. The oxiue apparently acts as a wick, drawing the
alkali m, etal to the surface and exposing a larger surface area and
at the same time presenting a small heat sink compareu to the bulk
of the metal. The solubility of oxygen in cesium at the melting
point is nj5 wt % oxygen anu at 1000 F it is reporteu that cesium
anu Cs2O are miscible in all proportions. A review of the solu-
bility of the oxide in the parent metal suggest burning charac-
teristics of the metals are a function of oxiue solubility:

Free Energy of lormation
of OxiUe at 1500F

Metal (Kcal/gramr-atom 02) Solubility of Oxiue(wt%)

Li -109 0.05 at 700 0 1

Na - 63 0.04 at 700 0 F

NaK ----- 0.02 at 700°F

K - 52 0.25 at 400°F

Rb - 42 Unknown, probably high

Cs - 32 3 at 80°F

If the wicking action of the oxiue is an im.portant
mechanism in alkali r.,etal combusticn, these values suggest that
lithiur, souiurL and XaK shoulu burn easily, potassium less easily
and rubiuiu, and cesium with great uifficulty. Results indicate
such to be the case.

ouring oxiuation the surface of the cesiu., metal retaineu
a mirror finish anu the color of the melt progresseu from golu,
to orange to brown to black. The resiuue froma the cesium fires
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was a black solid melting at 700OF with an apparent density of
4.67 gm/cc. The melt contained corrosion products from the con-
tainer wall. The residue reacted with water, releasing oxygen;
quantitative measurements of the off-gases indicate the residue
was primarily Cs 2 04, A Kjehdahl analysis indicated no nitrogen
in the sample.

Cesium metal was spilled across a metal surface and
there was instantaneous ignition with emission of light and smoke.
However, the combustion reaction was not self-sustaining although
the exposea metal continueu to oxiuize,, A similar spill was
covered immeuiately with Ansul Met-L-X and further reaction was
inhibited.

E. RESULTS OF EXTINGUISHMENT TESTS

Table 7 lists selected runs which were made with various
alkali metal fire extinguishing agents. Figure 4 shows a typical
procedure for these extinguishment studies. In all cases, the
metal was preheated to 500°F, the lid was removed and the metal
allowed to ignite spontaneously. Salts were added either from an
extinguisher or with a shovel. Liquids were applied through tubing
from pressurized containers. The time to extinguish is defined as
that time required to completely cover the fire and eliminate all
signs of flames.

wt%) The first tests were made with sodium using Ansul's
- Met-L-X both with an extinguisher and with a shovel. A 10 lb sodium

fire was extinguisheu in 1.25 min with 7 lb of Met-L-X from an ex-
tinguisher. A similar fire was extinguished in 0.8 min with 4 lb
of '.Iet-L-X applieu with a shovel. In both cases, the fire burned
through the crust in about 2 min, but this was easily extinguisheu
Dy additional application of the salt. Het-L-X was also applied
to a 100 lb sodium fire; the fire was extinguished in 3.5 min
with 80 lb of extinguishant. The weight and surface area were both
a factor of 10 greater with the 100 lb fire compared to the 10 lb
fire. Seven pounds of Met-L-X from a pressurizeu extinguisher were

gh required to extinguish a 10 lb sodium fire anu 80 lb were required
to extinguish a 100 lb fire. The time required for extinguishment
was 1.25 min for the 10 lb fire and 3.5 min for the 100 lb fire.
Application with a shovel requires a smaller amount of extinguishant,
2-4 lb for a 10 lb fire.

Met-L-X was applieu to a lithium fire with a shovel. The
extinguishant tends to sink in lithium but the fire was extinguisheu.
A secondary sodium fire ensues because of the reduction of NaCl
with lithium. However, this fire is controlled with additional
application of extinguishant. The first fire (6-307-5) was difficult
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FIG 4a = FLATINlG N'a 1F SOO"[ FIG 4b -IGNITION OF Na

FIG 4c -BEGINN'ING OF LXTINGUISHMENT FIG 4d -COMPLETION OF EXTINGUISHMENT

FIG 4 - EXTINGUISHMENT OF A 10 LB Na FIRE WITH ANSUL MET-L-X
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I
to extiiiuish Lecause the oxiuc hau migratec over the euge of the
fire pan and this site serveu as a locus of reignition; 13 lb of
extinguishant %Nere required. The scconu fire was contained within
tile Vall a, only 3 lb of extinguishant %,ere requireu.

A .ry chemical marketeu by Ansul Co., ABC Powuer, for
use ont Class A, b and C fires reacteu explosively ivith lithium
anu souium. Subsequent application of ".et-L-X extinguished the
fire.

,.det-L-X was applied to a 0.1 lb charge of cesium which
hau been heateu to SOOF ahd exposea to the atmosphere. The ex-
tinguishant sank to the botto.. of the fire pan since there was no
oxiue fori.ieu to support it. A small quantity of the hot cesium
i as ?oureu onto a metal surface. I':hen uispersed over this large
surface area, the cesium uiu ignite. ",et-L-X was applieu and the
fire ias extinguisheu. Graphite was app.lieu to a similar fire but
aiu niot extinguish the fire.

A 10 lb charge of potassium was heated to 5000' and ex-
poseu to the atmosi.here. U'hern the temperatu-e reached a maximum
of 1000°F, Met-L-X was applie although no oxide had formeu on the
surface. The extinguishant sank to the bottom of the pan. After
15 minutes, an oxiue crust bega, to form on top of the potassium.
,let-L-X was again acueu aru the fire was extinguished but 18 lb
of extinbuishant was requirea. Graphite was auueu to a potassium
fire unuer similar conuitions and ciiu not extinguish the fire. It
appeareu that there was some reaction between the potassium and
graphite.

Purple K, a trade name for a KiCO3 -based powdered ex-
tinguishant, which has been useu on natural gas ana combustible
organic fires with success was applieu to a souium fire. There
was a reaction between the souium, and KIiCO 3 and the fire was not
extinguisheu.

ENT Since graphite has been useu to extinguish sodium fires,
it was deciueu that carbon %, ool woulu be applieu to a sodium fire.
Powuereu 6raphite extinguisheo a souium fire, but Lurneu through
in N, 2 -min. Auuitional Lraphite was acueu and the fire was ex-
tinguisheu. Carbon wool is made by carbonizing natural organic
fibers ahu is essenLiaiiy 100% carbon. The attractive feature
of an extinzuishant such as this is that it coulu be applied in
layers on the fire surface or on insulation when a fire is located
on the plur.bing of a system. However, carbon wool was in-
effective in extinguishing a souium fire an6 in fact enhanceu com-
bustioii since it acteu as a wick and exposco a greater surface
area of metcal.
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A number of inorganic salts were considered as potential
alakli fire extinguishants. These were ,creenea on 1 lb and 10 lb
sodium fires and included Na3 PO4, NadP 207  Ca3 (P04 )2 , NaF, NaCI,
KF, KCI, LiF, LiCI, LiBr, KBr, A1203, All 3 , CaSO4, B203 and TEC
Powder. TEC Powder, a ternary eutectic compound, has been de-
veloped in England for extinguishment of zirconium, uranium and
other reactive metal fires. The salts which showed the most pro-
mise were Na3P04 , NaCI, LiF, LiCl, KCl and TEC Powder. Of these
most promising salts, NaCl, Na3PO 4 and LiCl exhibited the greatest
resistance to burn through. LiCl seemed to cover the fire and it
extinguished it more rapidly than aid NaCI or Na3 PO4 . However, the
difference was not sufficiently great to justify the cost of LiCl
versus NaCI.

When Na4 P2O7 was applied to the fire, an explosive re-
action occurred. This was due to the oxygen available in the
sodium pyrophosphate molecule. Potassium bromide reac td with
the burning sodium probably by the reduction of KBr anu formation
of NaBr. Lithium bromide did not have any reaction with sodium,
but it did not extinguish the fire. The Ca3 (PO4) 2 exhibited slight
reaction with tae burning sodium and did not extinguish the fire.
Aluminum oxide lid not extinguish the sodium fire and AICl 3 re-
acted explosively.

TEC Powuer was used on a sodium fire. With a 10 lb sodium
fire, 2 lb of the powder applied with a shovel extinguished the
fire in 0.5 min and there was no burn through. With an extinguisher,
a similar fire was extinguished in : min with 2.5 lb of the powder.
The powder also is capable of extinguishing NaK fires, with 2.5 lb
applied by shovel extinguishing the fire in 0O.5 min; there was no
burn through. When applied to a freshly ignited potassium fire
with no oxide on the surface, the powder sank to the bottom of the
fire pan and did not extinguish the fire. After "'12 min, an
oxide crust formed on the surface of the potassium fire; TEC Powder
applied to this crust extinguished the fire. The powder was in-
effective on lithium fires due to the excessively high temperature
(2000+0 F) which ,caused this powder to melt. The powder was also
effective on 100 lb and 500 lb sodium fires; this will be dis-
cussed in a later section.

In light of Friedrick's work( 4 ) with organic liquids on
i00 gram alkali metal fires, it was decided that some of these
fluids should be evaluated on larger fires. The procedure was to
pressurize the vessel containing the liquid and to deliver the
liquid to the fire surface through a 5/16" copper tube. Iso-
propyl biphenyl was used on a sodium fire which had reached a
temperature of 1020°F. A layer of liquid 1-3 in. deep was applied
to the burning surface. A secondary isopropyl biphenyl fire
ensued but this was extinguished with CO 2. A second sodium fire
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reacheu 1420OF before the isopropyl bip;henyl i as ak4lied. In this
case, the fire was extinguisheu .ior.,entarily, but reigniteu. Apptli-
catioln of CO2 to the burnin6, liquiu Liu not prcvent reignition of
the alkali i;,etal fires.

Mineral oil was aptplicu to a 10200 r souium fire. A
total of 12 liters i.as auueu to the fire, Lut the fire w.as not ex-
tinguisheu.

Tetrahyuronahtalene was appllied to 1320OF sodium fire,
A seconuary fire ensueu and tlc alkali metal fire i.as not extin-
guislheo. Auuition of 10% lromochlorcmethane vas not effective in
extirnguishiu , the secondary tetrahyurona~halene fire and the
alkali metal fire continueo to burn.

A lixture of 90% iscpropyl hii.heryl anu 10, broirochloro-
iethane i.as applieu to a 1250OF souium fire. The alkali metal
fire was not extinguisheu and the seconuary fire continueu to burn
until all of the isorroi.-yl bijhenyl was coirsumeu. A mixture of
80% isolro ,yl Liphenyl anu 20'0 Lrorochlorcmethane momentarily ex-
tinsuisheu an 1180OF souiuh, fire, but it reigniteu. The same
composition useu on an il60or souium fire successfully extinguisheu
the burnin, ;iass. Pure bromochloromethane reacteu violently with
an 80001: souium fire.

Biphenyl was auueu to 1150=F souium fire but was in-
effective anu rapiuly consumeu. Souium stearate extinguisheu a
950=F s-uiun anu a 1000'F sodium fire. Biphenyl was ineffective
on a Ilj0°F souium fire anu was rapidly anu completely consumeu
when applieu to a J600°F lithium fire.

A number of fluoroalkyl esters have been formulated for
the Air Force recently.(S) These are being considered as possible
extinguishants for exotic propellant and/or metal, particularly
magnesium fires. Three of these esters were evaluated on 10 lb
souium fires. The aucition of 3 oz of fluoroalkyl sulfite ester
to sodium reacted violently and blew all of the sodium from the
pan. A similar reaction occurred when the fluoroalkyl phosphate
ester was added to burning sodium. The fluoroalkyl borate ester
did not react with the alkali metal, but the characteristic green
flame of boron was observed in the secondary fire. A total of
3-3/4 lb was added but the alkali metal fire was not not extinguished.
In fact, the addition of this material caused a temperature rise in
the bulk alkali metal.
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F SUMMARY

The results from this phase of study inuicated some
promising extinguishants for alkali metal fires. Met-L-X
efficiently extinguishes sodium, potassium and NaK deep pool
fires. If Met-L-X is applied to a deep pool potassium fire be-
fore the oxiues of potassium have formeu on the surface, the ex-
tinguishant sinks to tile bottom and is not effective. After the
crust has formeu, the extinguishant can be applied and it will
extinguish tile potassium fire. The weight ratio of extinguishant/
alkali metal is 0.4/I for shovel application anu 0.72/i by ex-
tinguisher application. With a 100 lb sodium fire, 80 lb of
Met-L-X was required to extinguish the fire at a ratio of 0.8/1
or the same as with the 10 lb fire. The ratio for potassium ex-
tinguishant was 1.8/1.

Typical extinguishing times for quiescent burning pools
of souium were 1-2 min. In an actual alkali metal fire, the ex-
tinguishing time could be significantly longer since Lurning alkali
metal may be uripping from a leak in the system or the metal may
not be completely contained within the drip pan. In such cases,
it is impossible to predict extinguishing times.

Deep pools of rubiuium anu cesium uo not ignite, hence
extihyuishment is not requireu. When extinguishant is addeu to
these oxiuizing pools, it sinks to the bottom. Oxiuation of deep
pools of these metals are best controlleu by smothering using a
lie over the vessel where the metal is contained. When rubidium
and cesium are spreau over a large surface area, these metals do
ignite anu burn. This type of fire can be quelled by the addition
of Miet-L-X. Met-L-X was ineffective in controlling lithium fires.
The NaCI was reduceu and a soIium fire ensueu. Graphite proved
to be the best extinguishant for lithium fires.

Met-L-X has a tendency to burn through, however, re-
ignition can be controlled [y application of aouitional extin-
guishant. Burn through is preceea by a (tarkening of the salt
surface, hence additional application can be maue before actual
burn through occurs. TEC Powuer was less susceptible to burn
throu.h.

ILC Powder proveu effective on souiu.,, potassium ano
NaK kuol fires as well as thin burning films of rubidium and cesium.
The amount of TEC Pow.uer requireu to extinguish these fires was
slihtly less than the amount of ,et-L-X requireu with the ratio
of extinuishant to sodium metal beihg 0.25/1.

Of the many salts that here evaluated, LiF seemed to
be che most promising. The quantity required for extinguishment
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of 10 Ilb fires was approximately the same as Net-L-X or TEC
Powuer. LiE %,.as resistant to burn through. One aspect which re-
maineu to be evaluateu was the reliability of the ,,ata with re-
spect to larger fires. This stuuy is describeu in a later section.

Organic liquius siioweu somc promise in extinguishing
alkali metal fires but a seconuary fire always ensueu. Addition
of bromochlorowethane to the extii.guishant reuuceu the possibility
of a seconuary fire, although it was not eliminated in all cases.
It appears impractical to ase an organic liquiu on alkali metal
fires since the seconuary fire %iuich may occur can be more severe
than the alkali metal fire.

VII. INORCANIC SALT FOAIS

A. INT:'ODbCTIoN

Y'he objective cf this ,hase of study was to evaluate the
use of inorganic salt foams as extinguishants for alkali metal
fires. The auvantages of a salt foam over a salt blanket are
that less salt woulu be requireu for extinguishment and the foam
woula be self-supporting and therefore less suscep.tible to sinking
in the alkali metal pool. A nur.:ber of foam manufacturers were
contacteu for inforr..ation on the generation of inorganic foams
but these firimis i.ere familiar only with .:ater baseu foams. These
are stabilizeu with hyurolyzeu pirotCin but woulo nor be suitable
for use o, alkali i-etal fires because of tL.e viclent reaction
with water.

tAs an alterhative to inorganic salt foars, it was ue-
ciucu that a polyurethane foam woulu be evaluateu. It was re-
cognizeu that these foams are susceptible to comLustion, but
auuitives are available which impart some fire retaruant charac-
teristics to the foam. Furthermore, since the foam is a goou
thermal insulatcr, it is possible for degrauation to occur at the
foam-alkali metal interface, with the formation of a charreo car-
bon layer at the interface.

B . XPhRIAL ,,hSUITS

Initial tests i.ere performed by preforming a solid mazs
of foam ana 1,lacing the mass on the surface of a sodium fire. The
foam uiu uegraue at the interface but the fire was extinguished.
However, the foaLl was sorewhat susceptible to burn through. From
a practical stanuvoint, it v'oulu be necessary to aij ly the foam
in its semi-liquiu form to the burning fire.
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Some efforts were made at developing a suitable foam
generating and applicating system. The system consisted of 2
containers (one for activator and one for resin), a solvent con-
tainer, connecting plumbing and a mixing and applicating nozzle.
Two major problems were encountered with this system. First, it
was uifficult to meter precisely the required quantities of the
reactants and secondly, the nozzle dia not provide complete
mixing of the reactants. A number of modifications were made on
the nozzle incluuing injection of the reactants tangentially with
the activator and resin, inlets 1800 apart, installation of a
convolutet, strip of metal in the nozzle and variation of nozzle
size and eometry. It was concludea that design and fabrication
of a suitable applicating system woulu be expensive and was not
a part of the contract. Therefore, a commercially available
foam system was purchased.* This unit was equipped with positive
displacement proportioning pumps. The applicating nozzle was
equippeu with an air driven mixing motor which thoroughly mixed
the reactants.

Initial tests with this system on sodium fires were
promising. The foam was applieu to 10 lb sodium fires and low
temperature fires were selected for the initial tests. A sodium
fire at 700°F was extinguisheu in 2 min with an application of
1 cu ft of foam. Burn through occurred at the edge of the pan in
tv2 min but this was quickly extinguished with acluitional appli-
cation of foam.

At 1000°F surface temperature, the fire was more diffi-
cult to extinguish but the fire was finally brought under control
in ,)4 min. Burn through occurred in tV30 sec, but addition of
fresh foam zo these areas resulted in complete extingiishment of
the fire. Potassium and NaK fires were also extinguished at 1000 0 F
with essentially the same characteristics as the sodium fires.
Rubiaium and cesium in quiescent burning pools were also extin-
guisheu with the foam.

Lithium fires at 1000°i could not be extinguished with
the foam and above 1000 0 F sodium, potassium and NaK fires could
not be extinguished. Above 10000 F, the foam spray was degraded be-
fore it contacted the burning alkali metal surface. It appears
that the polyurethane foam woulQ be useful if application could be
made before the maximum surface temperature of the fire is approached.

Foam was also sprayea on a simulated pipe leak. The
apparatus consisted of 10 lb of sodium in a stainless steel vessel
fitteu with plumbing containing a eaiking I in. flange. The
plumbing was covered with 3 in. thick molded insulation as would
be uscu on an operating syste. The pot and plumbing were pre-
heateu to 700°F, pressurizea to 10 psig and the valve to the leaking

*MSA Regiseal
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flange was opened. Sodium leaked through the flange and out
through the joints in the insulation at a preselecteu leak rate
of " l ib/hr. Foam was sprayed over the burning insulation anu
the pressure on the simulated system was released. There was
initial burn through in ^.2 min, but this was extinguished with
additional foam. The foam is more easily applied to fires on
insulation than is salt because of the inherent adhesive nature
of the foam. However, if the surface temperature of the insulation
is above ,-4000F, the foam has a tendency to melt and drip off the
insulation. In most ajkali metal systems, the foam coulu, be usea
on the type of fires uescribed.

Attempts were made to incorporate inorganic salts in
the foam but this proveu impractical because of nozzle plugging.
A liquiu fire inhibitor was auued to the foam that reuuceu the
ue~ree of combustion of the foam.

VIII. CHARACTERISTICS OF ALKALI METAL JLT STREAM LEAKS
AT VARIOUS PRESSURE CONDITIONS (PHASE VI)

A. INTRODUCTION

The purpose of this phase of the study was to determine
ignition characteristics of alkali metal streams with respect to
oxygen partial pressure and inert gas blanketing. The controlled
atmosphere chamber was usea for this study with alkali metal
storage vessels situated outside of the chamber and entry to the
chamber through 1/4 in. tubing. A catch pan was placcu within
the chamber to receive the alkali metal stream. Difficulties in
capping the tubing until appropriate temperatures were attained
were eliminateu by maintaining a freeze seal at the eno of the
tubing until just prior to expulsion of metal.

With lithium, sodium and pota:;sium, the metals .ere
ejecteu through 1/4 in. tubing. Fine wires were placed over the
enu of the nozzle to break the 1/4 in. stream into four smaller
streams. Rubiuium and cesium were ejectea through 1/8 in. tubing
to conserve on the quantity of metal useo. Efforts to measure
changes in atmospheric composition were unsuccessful oue to the
large ratio of atmospheric volume to metal volumle.

B. kLSbLTS OF TESTS

The results of the runs which were made are suramarized
in Table 8. Lithiur.; was the first metal evalL tCU and was ejecteu
into the chamber at 700OF through a 1/4 ini. iiozzle. '[ere was
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110 jilti0h' ci thle S LreiU, ain the 1neta 1 uiu inot i~,i t c ii. tihe
catch ,a~n. A uark rey to bliack ccoatilng ftri.eL. 01. the streai;
uuring ejectioit. A r0-l'Ui Lluua t;,cSLe Ce1aiti(ns preCUIcec the
saice results SO theU suI, y' Vessel IaS ileat C te 12SOOT . A",a
there iwas nio iition, in, either tile stCream er catch, -all. 'Ilie
supply tank % as c.1scoia.ecteu. froi.. the chicaLber anu transipOrteu to
a builuin6 v. nere larb(A quantities cf 1ithiun. coulu l e ejecteu
into the atn~ospAhre. About 10 lb, Of lithiui~.. at 100O Were
ejecteu into a panl mucur noii..al atLOSphIleriC COikutt ieLs. The sur-
face of tile StreaL. turneL, black Lurii., , thle rUr, but thie e%,as no
ignitionl of T1he streal:,. '111e L.'tal i), thle Catch parb cjiu n'ot
IrlMrdujate ly ibnite but after stanuinib fcr a fci. inuites iturning;
noules be~aii to a1 pear ein thle lithiui surface.

The1. results inuicate that a strei:1 ef I ithiur, is not
likely to ignrite. This is Prolbably cue to a 1 rotective coating

Co of oxiues anu iiitriues w.hich fori:s on the surface aij;~ exp~osure
to the atmosicre. iloiever, %%hen the strewi hits a surface and
is spreau into a thin laer idt ion L.:kV oCcur, O~ne of the

Cn factors wmich may promote ,itilzl uncier these coincitions is
:K absorbeu %.ater vapor onl tile ri atonal or. which the lithium is 4ft-

_< ~Souiuj.. at 7k8)001 %.as ejecteu into the chavi.,ci through a
-1/4 ili nozzle' 1inucr norr.al ati:;os~Theric coluitions, 1both tile
streai, anu tile L-etal il, the ca-tch pai. 1i, iteu Tne f ile in thle

M catch 1iar %%as a sustaiecu fireC amc Fuch (.f thle 1iU.ea i-is con-
Hsul..eu k t 0.1 atnaosiphere, chore vwas i.o i,fitici. ii: the strear, or

catch pair. 'Ihis was also true ii a IU' ziir- 'O0v ar. on. 1In an1'
;n atmosphere of 501% air- 50', ari-on, thecre ivaS 1.0 i, n3 tionl of the
> ~streatn but there %-as 1gndtiOn anu a1 SUStaiieu fire iin tile catchl

pan.

I'ctassialh at 7000T %,as ejecteL. into the ciiai: icr throuLgh
a 1/4 ini. nozzle. Uinuer norrai atm1osph1eric conitions, thle metal

- igiiiteu bothl in tile strea. '111 in thle pai. At 0.1 atmosphere,0
Z tile stream uh not ijiiite but the imetal in tile ai- uic, ig nite.

No ignition of the strear. occurrec ini a S0V air-._0 argon or IV,
air-90%. ar~oin.

t~uiuunat 6,10 0 1' %,aS- 0 ecte'j into the chamber throug h
a 1/8 iii. nozle. Thie r-etal igniteu boti. iii the stream and in the

'11n1 rnomlato 1Aei conu I tio011S. At 0.1 ::,t~cSjiieres , the
stream ui6 n'ot iig'ite but thiere I as .i sii al f il rt- ii. the, cati-ch I jan;
the fire in, the catch ipan uas self -extil u ,isino,. tILore was no
ig~iition, i. ith S'(% air -50 , ar , on or 1 0 , Cal- 0'a~,

Ces ja;. at 02001 V was ci ecteui i nto thle cli r hr throu'h a
1/S inl * noZZle. The sti ear of r..cta I i ~,i. itecj U1er nrrmal at-
jidoseiheic conuitions, but there %as i.() stistaii.ek. f"ire i). tile catch

The resiuc in, tile catch .a i. i.a s a ua k Iicu ici cha rac ter ist ic
of the, resicuA~e froim cesiur oxosc. to air. 1 here vis no( ic "ultiori
ol tue( strew., or catch, Vai. resicuie at (,.I1 ati us, he e, 50' air-5~0'.
ar ,oii or 1016 aii-90"~ ar(,ui..



IX. LXTINGUISIIML,"T OF LARGE SCALL FIRES (PHASI. \II)

A. INTRODUCTION

The purpose of this phase of the study has to determine
the reliability of the data generated with 10 lb fires and to
uemonstrate the feasibility of extinguishing large alkali metal
fires. Souium, potassium anu NaK fires of 100 lb and 500 lb were
extinuisheu %%ith 'let-L-X, TLC Powuer, LiF and -olyurethane foas.
The materials represent the most promising extinguishants evaluated
in Phase IV. All fires, except that on %,hich polyurethane foam
has useu, were alloweu to reach m~axirmum temperature before the ex-
tiinsuishant ias avplieu. The tei:,perature of the fire on which
polyurethane foa, %.as useu was to increase from 500 0F, the tempera-
ture before the liu ihas removeu, to 800°F before the foam was
apvlieu. The time requireu for this temperature rise was "-8 min.
Approximately 30 in were required for fires to reach their maxi-
mum temperature.

B. TEST RESULTS

The results of the teei runs which were maue are listeu in
Table 9. In the small scale fires, it was shown that the weight
ratio of extinguishant to souium metal v.as 0.72/1. This same
ratio has founu with tht 100 lb souium fire. With 500 lb souium
fires tne ratio changeu to 0.43/I inuicating that, on a unit weight
basis, less extinguishant has requireu. Extinguishing times for
the 100 lb anu 500 Ib fires (3-4 min) were longer than with the 10
lb fires (1-2 mij,) but diu not increase in proportion to the weight
of the burning metal. This was une tu thC more i a:iu application
wihthe larger extirnguishers (350 lb) compared with the smaller
extinguishers (30 Ib).

The ratio of TEC Plowuer/souium metal was 0,4/1 on a 100
lb sodium fire anu 0.2/ on a S00 lb fire. Not only was less TEC
Powuer required than .let-L-X, but the extinguishing time was shorter.
Both TLC Powuer and Met-L-X exhibiteo some tendency for burn through,
but these were quickly brought under control by application of
auuitional extinguishant.

Lithium fluoriue was the least effective of the salts
usea on large souium fires. The ratio of LiF/soaium metal was
1.8/1, Ozl the basis of these comparisons, LiF cannot be considereu
as an effective extinguishant.

I "cIt-L-X anu TEC Powder here applieu to 500 lb NaK fires
anu gave ratios of 0.5/1 anu 0.26/I, respectively. As was the case
with the smaller fires, more extinguishant was required for NaK
than for sodium fires and extinguishing times were slightly longer.
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The ratio of Met-L-X anu TEC Powder for S00 lb potassium
fires was 0.59/1 and 0.43/1, respectively. It was necessary to
allow the potassium fires to burn until an oxide crust formed on
the surface. The crust then served as a support for the extin-
guishant.

Polyurethane foam was applied to a 100 lb sodium fire
with temperature at 800 0 F. The fire was extinguished in 8 min.
Frequent burn through and reignition occurred but this was con-
trolled by application of additional foam.

The results indicate that large alkali metal fires can
be extinguished with the application of salts. The ratio of salt
to metal varies from 0.72/1 to 0.2/1 depending upon the size of
the fire and the type of salt which is used. In practice, it isprobably advisable to maintain an inventory of salt equivalent to

the weight of metal contained within a system. Hopefully, emerg ic'
measures such as valving off a leaking reaction, reducing system
pressure and the like, can be initiated to minimize loss of metal
from the system. However, if a catastrophic rupture of the main
system piping occurs, all of the metal could be ejected from the
system before these emergency procedures coulu be instituted.

It would be desirable if optimum application rates could
be establisheu for these salts. However, it is essentially im-
iuos',ible to define an optimum rate; in spite of the amount of re-
search which has been performeu on non-alkali metal fires, the rate
of application of water to a wood fire or halogenated hydrocarbons
to flammable liquid fires has not been quantitized. Alkali metal
fires which are generally more compiex in nature than either wood
or flammable liquid fires are more sensitive to the moce or tech-
nique of application. In general, the extinguishant should be
applied to an alkali metal fire as rapidly as possible without
disturbance of the salt cl:ust.

X. CONCLUSIONS

A number of salts, organic liquids and an inorganic
foam were evaluated as alkali metal fire extinguishants. TEC
Powuer, a ternary eutectic _vmpound, was the most effective salt
for souium, potassium and NaK but economic consideration may
dictate the continueu use of Met-L-X which is also quite effective
in extingu.ishing socum, potassum and al fires. Thc c-- nguishant -

alkali metal ratio ranged from 0.72/1 to 0.20/1 depending upon the
salt which is useu and the size of the fire. Extinguishing times
of sodium fires as large as 500 lb were of the order of 4-5 min
when the salt was applied fro.n a 350 lb extinguisher. Both salts
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here effective in extinguishing rubiaium and cesium spills l ut
were ineffective on quiescent pools of rubiuiur and cesiurm. At
low temperatures (< 700 0 ) , polyurethane foam can be used on
burnin6 pools of rubiuium and cesium. Because of the high tempera-
ture (2000 0 I+) and chemical reactivity of burnilng lithium, neither
of the salts were effective. Graphite is recommended as the ex-
tinguishant for lithium fires.

Organic liquids proved somewhat effective on low tempera-
ture fires (< 1000'F). Ih all cases, a seconuary liquid fire
ensueu, but these were controlled with application of CO2 or bromo-
chlorowetlhane. In practice, the secondary organic liquid fire
coulu be more severe and troublesome than the alkali metal fire,
hence the use of organic liquids is not recommended.

Gas blanketing or reuuction of oxygen partial pressure
was effective in controlling lithium, sodium and potassium fires.
At an oxygen partial pressure of 0.1 atm, lithium aid not ignite.
Souium igniteu in a 50% Ar-50% air atmosphere but less metal was
consumed (53%) than when souium was burned in a normal atmosphere
(82%). In 90% Ar-10% air anu in normal air at 0.1 atn, sodium
uic not ignite.

Potassium uiu not ignite when exposed to 0.1 atm, but
slowly oxiuized with 86% of the metal consumed. In atmospheres
of 50% Ar-50% air and 90% Ar-10% air, potassium did not ignite
but 46% and 49%, respectively, of the free metal was consumed by
slow oxidation.

Rubiuium and cesium in quiescent pools did not burn in
the same manner as the other alkali metals, i.e., there was
essentially no smoke, emission of light or formation of an oxide
crust on the surface. Iowever, when exposed to the normal at-
mosphere, 100% of the free metal was oxidizeu. And unlike the
other alkali metals, the degree of oxidation could not be reduceo
by altering the atmosphere; 100% of the metal was oxidized in the
90% Ar-l0% air atmosphere.

Variation of oxygen ipartial pressure was also effective in
controlling ignition of jet streams of alkali metals. Streams
of rubiuium anu cesium ignited in a normal atmosphere, but did
not ignite in an atmosphere of 50% Ar-50% air or 90% Ar-10% air of
0.1 atm absolute pressure.
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XI. RECOMMENDATIONS

A. INTRODUCTION

The results of this study coupled with past operating
experience have lea to the formulation of certain recommendations
with respect to alkali metal fires. As an example, a typical
alkali metal system has been chosen. It is recognized that there
are obviously many other operational configurations which could
have been selecteu such as alkali metals as hydraulic fluids,
coolants anu the like in high altitude aircraft, but the con-
figuration selected represents a rather complete spectrum of con-
uitions which might be encountered. As a basis for these recom-
mendations, it is assumed that an alkali metal (sodium, potassium
or NaK) cooled reactor is being used to generate electrical power
on boaru a spacecraft. it is further assumeu that the system will
contain 500 lb of alkali metal at 1500'F. Table 10 presents the
concitions which might exist and the procedures which should be
einployea.

B. SUPPLY CONTAINER

The alkali metal will be transported to the launch pad
area in a supply contaiiier. This might be a container in which
the supplier originally packageu the alkali metal, or a special
container to which- purifieu alkali metal has been charged. It is
likely that some prepurification of the metal will be made prior
to char~ino of the system. Prepurification proceaures may entail
hot trapping, colu trapping, filtratio., iistillation or any com-
binatiorn of these.

The supply containers will be large vessels containing
from 200-500 lb of metal. These will be fabricated of stainless
steel and will L; equippeu for heating the contained metal to
100-200°F above the melting point. Since the maximum operating
temperature of these vessels will be 350-400°F, a catastrophic
rupture of the vessel is improbable. Hence, the most likely
acciaent and the maximum credible accident is valve and fitting
leakage. Inciaents such as these are controllable by valving
off the leaking section, reducing pressure on the supply tank and
in same cases freezing thu leaking line. Although these procedures
minimize the magnitude of leakage and fire, they do not extinguish
the fire r esul ijig fro m the metal ihich has eaked f rom te s ystem.

The fire resulting from leakage from the container can
be extinguishea by application of Ansul's ,klet-L-X , TEC Powder or
polyurethane foam. Although these three extinguishants are re-
ferenced throughout this section, the souium chloride-based compound
is probably the most likely choice based on cost, availability
and past history. The quantity of extinguishant required will
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probably be small since the amount of alkali metal released from
the container shoulu be small, However, since a larger quantity
of extinguishant will be required during transfer, the extinguishant
will be on site while the alkali metal is contained within the
supply vessel and the quantity which should be available should
equal the weight of the metal containea in the supply vessel.

C. TRANSFER FROM CONTAINER TO SYSTEM

The bulk temperature of the alkali metal supply during
transfer proceaures will be x 350 0F (for sodium) in the supply con-
tainer. Connecting pipin§ will be at least at this temperature
ano perhaps as much as S0 F higher. The most likely accident during
transfer is the development of leaks in fittings or valves. These
can be controlleu in the same fashion describeu for supply con-
tainers where the leaking section is valved off, pressure on the
supply container is reduceu and extinguishant is applied to the
metal which has leaked from the system.

The maximum credible accident ouring transfer v:-ould be
a catastrophic rupture of the connecting plumbing. If the rupture
occurs at a position where a valve is located between the supply
tank and rupture, the severity of the fire can be controlled by
closing the valve. If the rupture should occur between the supply
tank and the valve, it is likely that all of the metal will be
ejecteu from the system. In this case, a severe fire will follow
and must be controlleu by application of Met-L-X, TEC Powder or
polyurethane foam. It has not been establisheu whether the re-
actor woulu be chargeu before or after installation in the vehicle.
It woulu be auvisable to charge the reactor before installation
.ince the length of connecting plumbing could be held to a minimum
anu the possibility of damage to the vehicle would be minimized.

D. REACTOk ON PAD

Prior to launch, the reactor will have been installed
in tbe vehicle ana will probably not unuergo start up until orbit
is attaineu, the purpose of this procedure being to reuuce radiation
hazarus to the site. The temperature of the alkali metal then can
vary from ambient temperature, if there are provisions to melt the
alkali metal after orbit is attaieu, to 3 0n if the retal must
be molten prior to attaining orbit.

Again the most likely inciuent is leaking fittings or
valves. If this occurs, while the vehicle is being readied for
flight, extinbuishants can be applieu if the reactor compartment
is reauily accessible. Otherwise inert gas blanketing is the best
imthou of controlling the fire. The maximum credible accident
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could be rupture of the prim~ary pipinL of the alkali mietal system.
Th1is 1VOUIu most likely Occur cLuring rocket ig nitioni aicliftof
where vibrational and gravitation~al forces are Lreatest . Lven
if the craft %,.ere wanneet, it w,.ould Le imp11 ossible for mi~anual appli-
cation of extiiiguisliant. Autoi-matic delivery of extill(uishan11t to
the fires is a p.ossibility, but the weight Penialty ii:iposed Uue to
extiiiuishaiit, extinguishaiit uelivery systei . and6 pressurizing
equipment would probably rule out the feasibility of such a syster.;.
Inert Las blanketing then woulu appear to be tlic oiily reasonable
mieans of alkali metal fire control anu extiniguishiment.

L . A\BORT

If the vehicle suffers an abort durin- lift-off or while
attaiinig orbit, catastrophic rupture of thle i;rain alk.ali metal
pluiibing& is likely to occur. In1 this case, there seems to be
little that can be uone to extinguish or control the alkali metal
fire which will follow. It shiculu be notec, that thle fuel and
oxiuizer explosion and/or fire which w..ould folloi anl abort w-ould
be infinietely greater thzan thle alkali metal fire. Interaction
between alkali metal anu eithecr fuel or oxidizer has been con-
sidereu. There woulu be no reaction, between some of the hydro-
carbon fuels and the alkali imetal, since sociUM anu NaK can be
storeu under iaiieral oil or kerosene. The severity of the reaction
between the~ alkali m~etals and oxicizers or alcohol wil epeu upon
the conuitions i~.iich exist at the timie of contact. Ill this study,
an amzpoule of NaK was immcrseu in liquiu oxygeni and the ampoule
was broken. The only reaction which occurreu %%as surface oxidation
of the NaK; nio fire resulteu. Coi-versely, ::al, i~as alloi~ed to
ur4p into liquiu oxygen from~ a heiJht of 1S ft. Iin this case,
the NaK ixau ilnitou before contact with thle iicuiu oxygen. There
was severe spatterinjg of the NaK i~hzen it contacteu the liquicu sur-
face azic tile vessel in which the liquid oxy,en v~as cozitaine6
ighiitec and iwas completely consui:,eu.

F. IN-FLIGHT

bnuer in,-flight condiitions, tile most likely accident is
fitting or valve leakag-e. If an artifical gravity has been im-
partee to the vehicle, the aouition of !et-I.-X or TEC Powder to
the fire iwuld be Possible. Again, however, the weight penalty
lzipOsCu by the~ salt .%hich i-;ust be cni-ricu onl ioarc could be ob-
jectionable. F7urther, since the maximur crecible accident would
be catastrophic rupture of the 1,rinary alkali rietal pipirng, inert
6as blanketiing iwoulu be requirec for extinjgishmnert of the fire
resulting from a i.-axiim.uni credible acciuei:t. It is rccorriended,
theni, that a low oxy-en) iartial iressilre ii. tbC reactor coripart-
Iaent be r..ainitair~cu (or that thu corn-,artnent 1l': venteu to the
vacuu1. of sp~ace) anu that extixnguishant n~ot be carried on b oard.
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APPENDIX I

CHARACTERISTICS AND CONTROL OF NON-ALKALI METAL FIRES

A. INTRODbCTION

A proposed fire v eearch program submitted by the
Committee on Fire Research )lists the areas in which basic
stuuies would contribute most significantly to understanding of
fires, In summary these are:

1. Characteristics of convection of hot air
and gases as affected by winds, topography,
density, gradiants and turbulence.

2. Gas and flame emissivities as a function of
frequency at high temperature.

3. Cooling, smothering and direct chemical
kinetic action of flame suppressants.

4. Aerodynamic properties of burning bodies in
mot ion.

S. Hechanism anu thermochemistry of pyrolysis
anu oxidation of solid combustibles with
emphasis on enuothermic and exothermic re-
actions on solid phase, gas evolution and
heat transfer from the surface and from
burning gases.

6. Model laws for aerothermodynamic systems
with respect to geometry, fuel type,
rauiation, heating rate and so on.

7. Fundamental studies of sprays including
evaporation rates, distribution of droplet
sizes, jet chracteristics and entrained air.

These suggestions are listeu here since, although they
apply basically to wood and hydrocarbon fires, many are applicable
to alkali metal fires. To oate most fire research has been guideu
by the empirical approach. The Committee on Fire Research suggests
that the scientific uiscillines iiicluuing physics, chemistry,
thermodynamics, fluid mechanics, chemical kinetics, heat transfer
and so on be used to prouuce quantitative data on fires.
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Some of the general statements made in Fire Research
Abstracts and Reviews are listed here to establish the state of
the art, Information relating specifically to alkali metal fires
follows this listing.

B. DRY SALT EXTINGUISHING AGENTS

A review by Fricuman and Levy( 7) discusses the mechanisms
of action of chemical agents for flame extinguishment. Two types
of chemical agents are discussed - (1) covalent halides such as
CC1 4, CHCIl , CF2Br2, CH2CIBr and the like and (2) inorganic salts
such as Na CO3 and KHCO. The cogent po. t made is that these
agents suppress fires by chemical action rather than by physical
or mechanical interaction. This fact is verified in that the peak
percentage of diluent (the percentage cf diluent which will prevent
a fuel-air mixture from burning) for a methane-air mixture is
38% N2 , 25% CO2 but only 4.7% CI13Br. This amount of CH3Br is much
too small to account for extinguishment by either cooling or
smothering. The explanation advanced for this phenomenon is
chemical inhibition by reaction with active species. Flame tempera-
tures range from 1500 to 30000 C. At 2500'C water is dissociated
into the active species H and OH; the same analogy holds for
hydrocarbons with radicals such as CH3 and C2H formed. With water,
these species initiate chain reactions of the following type, with
each reaction producing another reactive radical:

H + 02 OH + 0

OH + H2  H 20 + H

O + H2  -OH + H

Covalent halides are believed to break these chain reactions and
thus act as extinguishants. Bromides and iodides are more efficient
than chlorides and fluorides.

Rosser et al( 8 ) present the following process as the

flame extinguishing mechanism of the covalent halides:

OH + HBr - 1-HOH + Br

Br + R1 1 HBr + R

IBr is formed by decomposition of the covalent bromide and sub-
sequent reaction of the free Br with active H species. The net
result is to replace the 01-1 by a less reactive species Br or H.
This theory also explains why the bromide and iodides are more
effective than chlorides or fluorides since the I-Cl and H-F bonds
are so strong that the first reaction is too slow to have any
effect on the overall reactions occuring in the fire.
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Commercial dry salt extinguishing agents are usually
carbonate or bicarbonate salts. It was originally thought that
the extinguishing capabilities of these salts were uue to release
of CO2 as a smothering agent. However, recent stuuies show that
the salts are essentially unchangcu anu salts hlhich ao not evolve
CO2 are as effective as the carbonates ano bicarbonates. Hence,
the extinguishing capabilities are attributed to chemical rather
than physical mechanisms. W'hen uifferent solids of the same
particle size are compared, tremendous differences in extinguishing
capabilities are exhibiteu. However, some mechanical effect may
be present, since the smaller the particle size, the more effective
is the salt.

Neill( 9 ) reports that an increasing extinguishing effect
is evident with increasing atomic number of the alkali metals.
Superior fire fighting qualities are evident for KHCO 3 compared to
NaHCO 3 .

C. EFFLCT OF ATMOSPHIERE ON COMBbSTION

Klein( 10) has presented data on the effect of aircraft
cabin atmosphere up to 25,000 feet on burning times, which might.a- provide a correlation with alkali metal fires under various at-
mospheric conuitions. Cotton cloth burning time decreases as the
proportion of oxygen increases, regardless of the partial pressure
of nitrogen; the same was true with helium insteau of nitrogen.
Noe atmospheric composition up to 25,000 feet will prevent silicone
rubber, glass or Dacron braiu insulation from burning. Ignition
temperatures of hydraulic fluids increased as cabin pressure de-
crcaseu with both pure oxygen anu air. Conclusions are that a
linimum oxygen content with maximum inert gas content provides
an optimum atmosphere for a space vehicle.

Zehr(II) reported on a study of combustion intensity of
woou dust and air mixtures with varying oxygen content. The

*nt following results are listea:

Oxygen Maximum Calculated
Content Pressures Pressures
M) (atm) (atm)

21 4.1-4.3 10.7
19 3.9-4.1 --

17 3.5-3.7 --

15 2.9-3.1 8.3
13 1.6-1.8 --

II No ignition 6.4
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D. COMBUSTION UNDER ZERO GRAVITY CONDITIONS

A discussion of combustion under zero gravity conditions
would se m warranted before alkali metal fires are discussed.
Gerstein(12) suggests that two questions are principally involved:

I. Preparation of combustible mixtures where
gaseous and liquid flammable material are
involved.

2. The actual combustion process of all
flammable materials present within the
spacecraft.

In the absence of gravitational effects and forced convection,
flammable vapor is spreau only by diffusion. He estimates that
mixin& rates will be lower under zero gravity than under normal
gravity conditions. He indicates however that if the spill is
in motion a random uistribution of flammable sources is expected
and the formation of flammable mixtures would be more likely.

Experimental combustion studies have been made under
norma', gravity conditions, while theoretical studies have neglected
gravitational effects and reasonable agreement exists between the
two. Hence, the thesis is advanced that gravitational effects
play a minor role in the combustion process. However, validity
of this coihclusion is subject to question.

Free fall studies of single burning drops show that:

I. The dimensions of the flame boundary and hot
air zone become higher and narrower as
acceleration increases because natural con-
vection becomes stronger.

2. Burning rates increase as acceleration in-
creases. Burning rate- can be expressed
in the form of:

2
DO - D - kt

where:

D = drop diameter at time t
Do, initial drop diameter
k =evaporation constant

The value of k roughly doubles in going from a zero gravity to the
normal value for gravity.
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Empriical equations which include natural convection
effects have 6ravity appearing as a term raiseu to a fractional
exponent:

o 3/4 1/4
iUC 45B (gd )

where:
0

m = burning rate per unit surface area
= sphere uiameter

c = specific heat
k = thermal conouctivity
B = transfer number, a function of fuel properties
g = acceleration 6ue to gravity
oK= thermal uiffusivity

Since it is obvious that the burning rate is not zero when gravity
is zero, Gerstein suggests the following equation would be more
suitable,

0
m (g) = moil + f(g)]

with f(g) small compared to unity. It is also suggesteu that
flammability limits would be narrower under zero gravity conditions.
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\PI1:IJI x II

PRESLNT PRACTICES OF ALKALI lITAL FIlL .lXTI' N CUI1II.E':T

A. INTRODUCTION

Lxtinguishment of aNali metal fires is uiscusseu iL
the Liquid 'Ietals llanubook.(- Need for ventilation of alkali
metal operating areas is stresse., l'ithout proper ventilation,
fire fihtino, personnel are hanuicappeu by the uense clouds of
alkali metal oxide smoke wiich limit visit-ility an cause throat,
lung anu eye irritation.. A self-containeu breathing apparatus
is su6geste6 if oxygen levels can be low, otlerwise a respirator
is sufficient. An auvantage of the self-containeu breathing
apparatus is protectior, afforded to the facial skin and eyes,

It is reported that souium and NaK will ignite spon-
taneously in air at temperatures above 11SOC (2390F) with flam.e
temperatures of 1500-1600 Y. Ignition is dependent upon surface
area, debree of dispersion and humidity. Combustion of souiu
is not self-sustaining in an atmosphere of less than 5 oxygen.
Dry alkali ietal chlorides, graphite or soua ash act successfully
as sr.othcring agents. I'ater, carbon tetrachloride, carbon dioxide
and souium bicarbonate must never be used as alkali metal fire
extiiiuishaitts; water and carbon tetrachloride react with ex-
plosive violence with alkali metals! It cannot be overstressed
tliat the extinguishing agents must be of a completely anhydrous
nature. Commercially prepared extinguishing agents, such as
'let-L-X ury powuer distributed by Ansul Chemical Company, are
treateu to prevent moisture pick-up and maintain the extinguishing
agent i, free flowing form. Pyrene G-1 powder distributed by
Pyrene ,eianufacturing Company is a graphite-base material treated
to prevent moisture pick-up. These extinguishants should be
stored in covered buckets or urur.s, or in extinguishers.

Extinguishing agents can be applied either from extin-
guishers, or with scoops or shovels. Pressured extinguishers are
available in 20, 30 and 350 pound sizes and fan spray type nozzles
should be used to spread the salt and minimize disturbance of the
burning alkali metal pool. Shovel or scoop application is usually
preferred over extinguisher application. However for large fires,
cxtin, uisher applicat.ion is avised, The choice iust reriain with
the fire fighting personnel at the site. Technique of application
of the extinguishing agent is an important aspect of fire fighting.
Extinguishing agents must be applied carefully to prevent splashing
and must completely cover the alkali metal surface. The salt fuses
to form a crust over the alkali metal and serves to exclude oxygen;
breakthrough of this crust must be avoided since the fire will re-
kindle if the alIali metal has not cooleu to below the ignition
temperature.
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Alkali metal fires are not particularly hazardous unless
burning metal contacts the skin, but secondary hazards must be
avoided. Provisions must be made to prevent alkali metal contact
with water, organics, combustibles and concrete floors. Tempera-
tures of burning alkali metals are high enough to cause spalling
of concrete which will add to the overall hazard.

Proper design of equipment will reduce hazards to
personnel and equipment. Construction techniques and leak testing
minimize the possibility of alkali metal leaks, A sump tank pro-
vides a means of rapidly draining the system and "removing fuel from
the fire", gravity flow to the sump tank is advisable. A drip pan
aids immeasurably in containing leaking alkali metal, aiding in
fire control and preventing contact of burning metal with concrete.
Grating over the drip pan will limit convection of oxygen to the
fire and can provide a support for extinguishant. Drip pans should
be of sufficient size to contain the volume of metal housed in a
system.

No insulation is known which is impervious to molten

alkali metals but the following are suitable for use:

I. High density refractory minerals fiber felts

2. High density mineral wool or glass fiber,
either felteu or in molded block form

3. Low density (not exceeding six lb per cu
ft) mineral wool or glass fiber felts

4. Asbestos with low water of crystallization,
such as felted or molded amosite

5. Molded aerogel insulation

6. Eighty-five percent magnesia insulation

7. Molded diatomaceous earth insulation
(1900*F type)

8. Molded calcium silicate insulation

9. Stainless steel wool

10. Metal foil enclosures filled with any of
the above materials.

Some of these materials, specifically high density mineral fiber
felts, molded aerogel, molded diatomaceous earth and high tempera-
ture molded amosite, have displayed resistance to flow of liquid
sodium. This characteristic can aid in fighting fires occurring
in vertical pipes.
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Clean-up is a facet of fire fighting which cannot be
neglecteu. Alkali metal fires iill result in a residue containing
unburned metal, hydroxides, oxides, carbonates and fire extinguishing
medium. It must be remembereu that the reaction products are de-
liquescent and contact of these hydrated salts with free alkali
metal can result in a fire or, under proper circumstances, an
explosion. Hence, clean-up immediately following a fire cannot
be overemphasized. The mass should be shovelled into a dry metal
container equipped with a lid. The material should be transported
to the Uisposal area and burned in an open pan with frequent
stirring to assure complete combustion. Following the combustion
process, the area should be thoroughly flushed with water.

Handling of NaK residues is more hazardous than the
handling of sodium residues since the NaK remains liquid at room
temperature. The same can be said for cesium residues.

B. SAFETY EQUIPMENT AND FIRST AID PROCEDURES

Proper safety equiptienz will protect personnel from
injury and provide greater efficiency in fire fighting. The fol-
lowing equipment is considered the minimum requirement for fire
fighting:

Eye protection - Non-flammable face shields

along with safety goggles

Head protection - Safety or "hard" hat

Foot protection - Leather safety shoes

Body protection - Loose fitting, flame-proof
clothing such as coveralls
or loose jacket and trousers

Hand protection - Chrome leather gauntlet gloves

Respiratory protection - Respirator or self-
contained breathing apparatus.

In the event of a spill of burning alkali metal on the clothing or
skin of personnel, one of the two following procedures is recom-
mended in the literature:

1. Remove clothing if covered with burning
alkali metal and flood subject with water
as quickly as possible, followed by neu-
tralization with 3% acetic acid.

2. Flood with mineral oil and remove alkali
metal particles by scraping or with tweezers.

58



Both techniques have their auvantages and disadvantages and the
choice must rest with personnel performing first aid treatment.
Water rapidly anu completely removes alkali metals and caustic
from the skin, but scattering of the metal may result. Mineral
oil is useu to excluue air from the alkali metal, but can in
itself ignite, and it tends to seal the caustic to the skin,
causing chemical burns. In both cases, the treatment should be
followed by neutralization with 3% acetic acid. Do not use
acetic acia in the eyes, but flush isith water or mineral oil and
follow with 5% boric aciu treatment.

A woru on fighting rauioactive alkali metal fires seems
warranted since these metals will be used as reactor coolants. In
general, rauioactive fires should be fought in the same manner as
non-radioactive fires, keeping in mind the radiation exposut and
ingestion hazard to which fire fighting personnel are subjected.
Protective equipment should include a self contained breathing
apparatus rather than a respirator to eliminate the ingestion
hazard.

Thorley and Raine( 1 4 ) uiscuss safe handling of alkali
metals. Health hazards are listed as.

1. Flesh burns from coittact with metal or
caustic resiuues

2. Eye, nose, throat and lung uamage from in-

halation of alkali metal oxide smoke.

Four points are listea to ensure maximum safety during handling:

1. Shielu all apparatus

2. Icorporate dump vessels in the system

3. bse inert cover gas to prevent in-leakage
of atmospheric gases and to aiu in dumping

4. Install arip trays under the apparatus.

Soda ash (anhydrous) anu zirconium carbonate are recor-menued as
extinguishants with application from a CO2 pressurized extinguisher.
Sprinklers or scoops may also be used; scoops are particularly
useful in forming salt dykes around molten alkali metals. The
authors recommenu that alkali metal burns be covered with liquid
paraffin anu that water never be used on alkali metal spills on
the skin.
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L. LXPLRi ,LNTAL STUDIES 1'ITI: UIRY POh'DFL. EXTINGLISIiANTS

Zeratsky( 1 5) ..i.;cusses ury powucer extin ;uishinr agents
for alkali iietal fires. G-1 powuer is the traue name of a pro-
duct of the l yr-Fyter cowiany and is composed of granular graphite
to which is auueu ,hosphorous-containin- comlounus. The product
uecorhyoses to phosphorous compounus which blanket the fire and
graphite which cools the alkali metal to below the ignition point.
It can be applieu with shovel or sccop but cannot be discharged
froiw an extinguisher.

Met-L-X , manufactured by Ansul Chemical Company, is a
souiurn chloriue base with additives to render it free flouwing
(tricalcium phosphate) anu cause heat caking (metal stearates). A
thermo-plastic material is aaueu to binu the sodium chloride
particles into a soliu mass unuer fire conditions.

Both C-i anu Met-L-X are non-corbustible and secondary
fires uo not result. They are generally non-toxic and their use
will not increase the intensity of a fire. Both are treated to
maintain the extinguishant in an anhydrous conuition,

Pah fires anU spill fires of souiur. are easily ex-
tiniguisneu with Met-L-X or G-I. Because of its ability to auhere
to molten souium, Met-L-X can be useu on sprayeu or spilled sodium
on vertical surfaces.

Either extinguishant can be used on potassium or NaK fires,
but since the specific gravity of the molten metals is less than
that of G-i or i,')et-L-X, the powuers tena to sink. A perforated
plate locateu near the liquid metal surface has been used to sup-
port the crust formed with these extinguishants.

G-1 is suitable for both lithium spill fires and lithium
fires in uepth. Niet-L-X is not recommended for lithium fires of
uepth since it sinks and lithium reacts with the salt to produce
LiCI and souium ri etal. Thin layer lithium spill fires can be
fought with Met-L-X since the salt cannot sink; the resultant
sodium fire is more easily extinguisheu than a lithium fire.
Lith-X, a graphite-base powuer, has been developed by Ansul
Cfierical Cor,,any for lithium fires.

Lith-X is also use on triethvlaluminui , fires ihere it
extin-uishes only by absorption of the licuiu. Met-L-Kyl, a
bicarbonate base with an activated absorlant, has also been de-
velopeu for triethylalu inum fires. Water and foams reacteu
exelosively, CO2 was ineffective and ury chemical and chloro-
bro.,omeihane cxtinguisheu but I.eri.,itted reignition of triethyl-
aluminu,, fires. About 7-10 poui.as of Lith-X or Met-L-Kyl are
requireu per pounu of triethylaluminum.
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Other metal fires are discussed with the following recom-
menuations:

Magnesium - Fires in dry or oil)' chips, turnings
or castings can be extinguished with
either agent

Uranium - Both agents are effective

Titanium - C-I is more effective than Met-L-X
which cannot form a crust at com-
bustion temperatures

Zirconium - Fires with chips or turnings coated
with oil-water coolant can be ex-
tinguisheu with either agent. Fires
involving moist chips or turnings
are only controlled.

Blackmer( 1 6 ) has reported on the hazards associated with
NaK, suggesting removal of fuel (to a dump tank) as the best fire
fighting technique. Fire hazards in aircraft could be reduced
by packing all voids with vermiculite or some other lightweight,
fire proof insulation.

Kumpitsch( 17 ) uescribes a NaK disposal facility for test
equipment. It consists essentially of an 8 foot deep water tank
with remote control uevices for immersing containers in the reser-
voir. Although the reaction is violent, no oxide fumes are formed
anu the technique ,$ considered superior to spraying with water.
Andrews and King( 1 8 uescribe underwater disposal of molten sodium.
Sodium at 35001: was uischarged unuer 10 feet of water at a rate of
90 lbs/min with little 9xlue smoke and no hydrogen fires. Later
work by King and Hilich? 1 9) demonstrated the necessity of efficiently
dispersing the metal upon uischarge. A nozzle producing high shear
forces was useu as the uispersing mechanism.

Little( 20 )has reported on the use of powders for extin-
guishing sodium or NaK fires. Rock uust (CaCO 3), soua ash and
potassium chloriuc powders were applieu to sodium and NaK fires.
Pressurizeu extinguishers were used en 50 pound fires and shovel
application was useu for 5 pound fires. With nitrogen as a pro-
pellant the weight ratio of CaCO3 to metal was 3.4/1 for 5 pound
fires and 5.8/1 for 50 pound fires; air as a propellant increased
the ratio to 7.2/1 for 50 pounu fires. Results are summarized
in Table 11.
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D. EFFECT OF OXYGEN PRESSURE ON ALKALI METAL

Mangold and Tidball( 2 1) have reporteu on the effect of
oxygen partial pressure on sodium fires. Results indicate that
combustion of sodium cannot be sustained below 5% oxygen (tempera-
ture of leaking souium = 850 0F). Table 12 shows the results of
this study. Analysis of the residue from one of the fires showed
25% Na 2 O2 . Cooling the surface on which the molten sodium was
placeu minimized the quantity of sodium which burned.

E. TYPICAL ALKALI METAL FIRE FIGHTING PROCEDURES

Alkali metal fire fighting procedures useo at Oz 2 Rdg e
National Laboratory (ORNL) are outlineu in two documents. 2 ' 2 3

'

The following procedures are recommended for combating alkali
metal fires:

1. Reduce pressure in system.

2. Turn in the fire alarm.

3. Isolate the system electrically.

4. Remove heat source.

S. Actuate emergency ventilation system. ,

6. Put on protective clothing as required.

7. Wear gas masks or other specifiec protective
equipr.ent as necessary.

8. Use graphite on fire, applied by shovel or
pressurized extinguisher. Met-L.-X may be
used on sodium, potassium or NaK fires.

9. Take all possible measures to confine the
metal by forming dykes with graphite, catching
in metal pans, or control with insulating
blankets or metal shields.

10. Leave insulation around leaking portion of
rig in place.

II. If the fire is confined, other equipment is
not being aamaged, and fumes are being
auequately removed, the fire may be allowed
to burn itself out without the necessity for
applying an extinguishing agent.
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TABLE 12- SODIUM COMBUSTION UNDER REDUCED OXYGEN
PARTIAL PRESSURE

Weight of 02 Concentration Vol % Weight of Na ( I )

Na (Ibs) Before Burning(%) After Burning Burned (Ibs)

47 2.75 2.62 1.3

32 9.69 8.43 12.5

43.5 13.44 12.17 12.6

41.5 20.28 14.87 53.6(2)

,37.5 6.97 6.31 6.5

45 11.92 9.76 21.4

1)Calculated from vol % 02 assuming combustion product is Na20

(2)Calculated Na burned higher than the original charge due to
Na202
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ORNL recommends graphite powder in cases where more than one in-
flammable metal is being handled. If a single inflammable metal
is being hanuled the following recommendations are made.

Lithium - Graphite

Sodium - let-L-X, Graphite, Pyrene C-I, Soua Ash,
Calcium Carbonate

Potassium - Same as for souium

NaK - Same as for souium

Exposure of the metals to moist air can result in generation of
hyarogen. After a fire, covers shoulu be replacea on drums as
soon as possible ana smoking shoulu be restricted in areas where
hanulin, is in progress.

;iieral oil flushing is recommenueu in cases where there
has been contact of burning alkali metal with the skin.

A short uiscussion of system clean-out procedures is
presenteu since proper clean-out techniques will rinimize the pro-
ability of a fire. Correct draining procedures cannot be over-
emphasizeu since they iill reduce the quantity of metal available
for reaction and proviae 6reater assurance of drainage of narrow
passaes. Drainir; should be performeu at the highest practical
temperature to minimize drainage film thickness. Inert gas
covera6e is necessary uuring this procedure.

Following urainage, the resiuual alkali metal can be
removeu .in a riuimber of iays. Dry steam reacts slowly with alkali
r.etais. The hyuro ,en produceU Lay ignite upon leaving the equip-
ren'L but no explosions vill occur within the system since steam
uispiaces any oxygen which ii- y be present. Moist steam can also
be useu if there are no obstiuctea passa0 es., 'ater reacts ex-
plosively with souium with approximately 1/10 the force of TNT,
thus contact of conuensed water with sodium in a closed system
must be avoiueu. hater can be used to clean lithium systems if the
water flowrate is sufficiently high to maintain the equipment at
or inear ambient temperature.

Lquip-ment may also be cleaned with alcohols (the higher
alcohols react more slow.ly with sociura). Care must be taken since
;yurogen anu 1,cat are releaseu uuring reacting and the alcohols
t. emselves are flammable.

Molten sodium hydroxiue may also prove suitable for re-
moval of resiuual SOLiUM. 'legardless of the cleaning technique
usee, water is alt:ays useu as a final rinsc.
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Proceuures for alkali metal fire fi ght ng at Los Alamos
Scientific Laboratory are described by Stout.tz4j Prompt action
is vital with Na2CO3 , NaCl or graphite recommenued for sodium and
potassium fires. Graphite is recommended for lithium fires since
free sodium is liberated from NaJCO3 and NaCl when useu on lithium
fires. Zirconium silicate and lithium chloride are also suggested
for lithium fires. Steel covers on drip pans with holes giving a
maximum open area of about 25% will result in self extinguish-
ment.

Little( 25 ) has reported on the action of NaK ano sodium
on various protective equipment. Cotton cloth gloves, chrome
leather gloves anu aprons, MSA Nu-Look goggles, laminated bakelite
hats and face shields with acetate windows were subjected to streams
of sodium and NaK at 150, 350 and 500 0 C. Chrome leather and lami-
natec bakelite were the only material to give 100% protection at
500C. Rubber gloves, face shields anu goggles protect against NaK
to 150 0 C anu souium to 350 0C while cotton cloth is good only at
room temperatures.

Materials were subjected to a 1/16 in. diameter stream
of lithium at 1100°F anu 60 psig for 30 seconds.( 26) The materials
were positioneu 6 feet from the orifice anu were sprayed with 7
lbs of lithium. The following results were listed:

Chrome leather - charred and gloweu almost in-
stantly, shrunk but some remained
as coke.

Chamois leather - disappeared quickly and completely.

Greylite - disappeared quickly and completely.

1/8 in. thick plexiglass - disappeared quickly and
completely.

1/2 in. thick plexiglass - ignited and eventually
burned out after jet
removed.

G.E. multilayer protective cloth metal - disappeared.

1/8 in. thick steel backing plate - sevele bucking,
no penetration, bright cherry red
spot 18 in. diameter with almost
white hot center spot.
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F. INDUSTRIAL SURVEY ON FIRE FIGHTING TECHNIQUES

In auuition to the literature survey, an industrial
survey was made to determine the most up-to-date techniques used
by various companies. Specific information which was requested
was "fire fighting manuals and other literature on proceuures
use in alkali metal fire fighting." The information obtained
is summarized below.

Organization A uses soda ash as an extinguishing agent.
The largest fire encountereu was a 5 lb container of sodium which
ruptureu uuring melting and the dispersed sodium started multiple
fires. These were quickly brought under control with soda ash
applieu by an operator wearing a gas mask.

Organization B has had several spills with rubidium,
cesium and NaK followeu in some cases by small fires. During trans-
fer of NaK from a shipping container, NaK poured out of the one
of the lines and into a woouen shipping box. The box was broken
open ana NaK ran onto an asphalt tile floor. Met-L-X from an ex-
tinguisher was applied to the box while calcium carbonate was
shoveled onto the NaK on the floor. Both fires were rapidly
brought unuer control. During clean-up of the residue, the crust
was uisturbeu and the NaK reignited. Again calcium carbonate was
useu to bring the NaK fire under control. This residue was re-
acteu with 80% isopropyl alcohol-20% water.

Organization C used Met-L-X on NaK fires and powdered
graphite on lithium fires. Lith-X is also on hand but has never
been useu.

Organization U recommenus smothering with a lid if the
metal is contained in a tank. Open souium fires are extinguished
with Na2CO3.
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1 P':dIX III

SUIMMAKY 0F FLIL)iICII'S W(RK U)' ALK,,LI 'L'iAL [IPLS

Frieurich's ( 5 ) stuuy uf extin ,uishin, a,;ents for alkali
metal fires has su,-esteu sone pussibilities. [Ic consiuereu three
possible effects from, extinguishin& agents:

1, Smothering effect

2. CoolinL effect

a. Removal of heat by enuothermic reaction
b. Removal of heat ty alsor1,tion

3. Chemical effect

The thiru effect is analogous to the extinguishing nechanisr: of
ury chemical on flammable liquiu or gaseous fires. Friedrich
reasons that since the alkali retals can be heateu to their I'oilii:g
points in an atmosphere of ury oxy.,en yct ignite at their melting
points in normally r.oist atmos-.here, traces of water must play an
important part in the oxiuation mechanism. A cor.j. arison is made
between C. anA oxygen iwdhich react slowly under anhydrous conditions
but rapiuly in the presence of traces of water:

CO+O---- C02 +li/ (Starting ieaction)/Xa+'li - 1/I2Xa2 2 +I;
I1+02+2. --- h2+Ml(:=foreibn j.olecale or wall) /1'+02-l 2 +- ,

C+O 2 ---- CO2 +O1i/(Chain branchin&)/Na+1e 2 - 1/(2Xa 2 )2 +Ot

Both OH anu 1102 radicals have been cbserveu spectroscopically. The
1102 rauical is reauily broken uown by contact with salts by the
following reaction

H02 +e P 1/2li 20+3/402+c

The valiuity of this theory of extinLuishment of alkali met:.A fires
is, of course, open to question but is iorth consioeration.

Results of Friedrich's work on lithium, souium ano
potassium fires of the 1, 10 and 100 gram size are presented in
Tables 13 to 22. The intensity of the reiction is qualitatively
rateu, using a scale in which 0 indicates no visible reaction

whilarating of I i a full strength reaction (strong
increase in flames; even explosion)
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TABLE 13- EXTINGUISHMENT WITH PULVERIZED SUBSTANCES
(60u MEAN MESH SIZE) AGAINST Li FIRE (I g)

Reaction Burning Li Not Completely Perfectly Covered
Extinguishant Severity Covered With Extinguishant With Extinguishant B

Li2 C2O4  4 Flames increase-strong It burns further
smoke develops

Na2C204  4 It does not burn
further

C
K2 C2 0 4  4

Li2CO3  2 Little increase of flame C

Na2CO3  3 Dazzling sparks, yellow S

K2CO3  4 Dazzling sparks,pale-
violet

NH4 F 4 Flames increase-strong It burns further
smoke develops

NH4 CI 4 "tC

NH4 Br 4 B

NH4I 4 "

LiF** 0 LiF melts in part It burns no further

LiCl** 0 LiCI melts in part "

liBr** I LiBr melts in part "

NaF 2 Dazzling sparks; yellow
smoke develops

NaCI 4 
K

NaBr 4 "K

Nal 2 Nal melts in part-weak 12 "
separation

K
SrCO3  3 Increasing flames under

emission of red light; K
dazzling sparks; smoke
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TABLE 13- EXTINGUISHMENT WITH PUI.VEIIZED SUBSTANCES - Continived

Reaction Burning Li Not Completely Perfectly Covered
Extinguishant Severity Covered With Extinguishant With Extirguishant

BaCO3  3 Increasing flames under It burns no further
emission of yellow, bright
light; smoke develops

BaO 3 Increasing flames, BaO "
melts in part

CaO I Insignificant increase It burns further
of flames

Car 2: 0 CaF 2 melts in part It does not burn

further

SiC 2  * 0 i

Graphite* 0 -

Talcum 2 Trivial increase in It burns no further
flames, smoke generate4

Concrete or 4 Strong increase in
Pumice Powder flames

B4 C 4 Pointed flames build It burns further
up; smoke generated

BN 2 increasing flames; smoke It burns no further
generated under emission
of yellow light

Vermiculite 4 Strong increase in It burns further
flaming; emission of
sparks

KF 2 Dazzling sparks; pale- It burns no further
violet

KC1 4 Strong dazzling sparks; "
pale-violet strong
smoke develops

KBr 3 " of

KI I Kl melts in part, weak "
iodine (extraction or
separation)



TABLE 13 - EXTINGUISHMENT WITH PULVERIZED SUBSTANCES - Continued

Reaction Burning Li Not Completely Perfectly Covered
Extinguishant Severity Covered With Extinguishant With Extinguishant

Na2 SO 4  4 Violent spattering with It burns further

burning Li

K2S04  4 o it

MgO 3 Increasing flames under It burns no further
emission of bright
yellow light

A1 203 2 "

SiO z  3 Incraasing flames under
emission of yellow
light, smoke generated

B20 3  3 Increasing flames under
enission of yellow
light, smoke generated,
B203 melts in part

TiO z  4 Explosive reaction;
dazzling sparks

CaCO3  2 Weakly increasing flames "
under emission of bright
yellow light; smoke
generated

* The perfect covering would be about 5 to 10 fold quantity of
pulverized substance excess in reference to the alkali metal quantity
used, in order to extinguish 'he fire,

** Indicates most promising materials.
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TABLE 14- EXTINGUISHMENT WITH PULVERIZED SUBSTANCES
(60)j MEAN MESH SIZE) AGAINST Na FIRE (I g)

Reaction Burning Na Not Completely Perfectly Covered
Extinguishant Severity Covcred With Extinguishant W ;ith Extinquishant*

Li2C204  2 Flame-up; smoke generated It burns no further

Na2C204  I Weak flame-up "

K2C204  1 t

Li2CO3  2 Flame-up; smoke developed

Na2 CO3 "€ 0 of

K2CO3  2 K2CO, melts a little; weak

spari1ng; partial flame-up;
smoke generated

NH4 F 4 Strong increased flaming; It burns further
si;oke develols

NH4 CI 4 it

NH4 Br 4 it

NH4 1 4 It

LiF 1 Weal, flai,e-up, LiF melts It burns no further
in part

LiCI I Weak flaue-up, LiCl "

melts in part

LiBr Weak flame-up; Lii~r
melts in part

NaF 1 Weak flame-up; NaF nelts
in part

NaCl*c 0

NaRr 2 Weak flame-up

NaI I NaI r,,elts in part, weak 12
(precipitate or separation)

KF IWeak fla e-ug
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TAB LE 14- EXTINGUISHMENT WITH PULVERIZE) SUBSTANCES - Continued

Reaction Burning Na Not Completely Perfectly Covered
Extinguishant Severity Covered V'ith !xtinguishant With Extinguishant

KCI** 0 It burns no further

KBr 2 Smoke generated; weak It burns no longer
fl ac-me0up

kl KI melts in part, weak I
(separation or precipitation)

Na2SO4  1 Na2SO4 melts in part

K2SO 4  4 Severe spattering of Na it burns further

MgO 2 Weak increase in flaming; It burns no further
smoke develops

A12 0 3  4 Sparking; flame-up and "

smoke develops

SiO2  2 Flame-up and smoke "
generated

B2 0 3  4 Explosion; B20 3 melts in "
part

TiO2  4 Explosion; smoke generated "

CaCO3  2 Weak flame-up; smoke
generated

SrCO3  2 - -

BaCO 3  3 Flame up; smoke develops

BaO 4 Dazzling sparks; pointed
flames build up; smoke
developes

CaO I W'eak flame-up; CaO melts

04 - -CaF:2t 0

SiC2 :* 0

Graphite* 0
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TABLE 14 - EXTINGUISHMENT WITH PULVERIZED SUBSTANCES - Continued

Reaction Burning Na Not Completely Perfectly Covered
Extinguishant Severity Covered With Extinguishant With Extinguishant

Talcum 3 Dazzling sparks; flames It burns no further
increase

Pumice Powder 4 Dazzling sparks; flames
increase; pointed flames
build up; smoke develops

B4C 4 Pointed flames build up; It burns further
smoke generated

BN 3 Flames increase; It burns no further
dazzling sparks

Vermiculite 4 Flames increase; It burns further
dazzling sparks

* At complete covering would. be approximately 5-10 fold quantity of
pulverized substance excess in reference to the quantity of alkali
metal used, in order to extinguish the fire.

** Indicates most promising materials.
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TABLE 15 - EXTINGUISHMENT WITH PULVERIZEI) SUBSTANCES
(60 ,u MEAN MESH SIZE) AGAINST K FIRE (I g)

Reaction Burning K Not Completely Perfectly Covered
Extinuishant Severity Covered With Extinguishant With Extinguishant*

LiC 2O4  3 Flames increase; smoke It burns no further

develops

Na2C204  2 " "

K2C204  1 Weak increase in flaming; "

weak development of smoke

Li2 CO3  2 Flame-up; weak flame "

increase; smoke generated

Na2 CO3  I Weak flame-up; Na-,CO3melt in part

K2CO3  1 K2CO3 melts in part; "

weak flame increase

NH4 F 4 Strong increase in flames It burns further

NI 4 CI 4 "

NH4 Br 4

NH4 I 4 "

LiF I Weak increase in flames; It burns no further
LiF melts in part

LiCI 2 elak increase in flames; "
LiCl melts in part

LiBr 3 Very strong increase in "

flames; LiBr melts in part

NaP** 0 NaP melts in part "

NaCI I Weak flame-up; NaCI melts "
in .+

NaBr 3 Dazzling sparks; NaBr
nelts in part

Nal I Nal melts in part; trivial 12
(separation or precipitation)

75



TABLE 15- EXTINGUISHMENT WITH PULVERIZED SUBSTANCES - Continued

Reaction Burning K Not Completely Perfectly Covered

it* Extinguishant Severity Covered With Extinguishant With Extinguishant

ier KF I Weak flame-up It burns no further

KCl** 0 " "

KBr 2 Flame-up; KBr melts in
part

KI 0 KI melts in part; trivial 12
(separation or precipitation)

Na2SO4** 0 Na2SO4 melts in part

K2SO4** 0 K2SO4 melts in part

MgO 2 Flame-up and smoke develops

A1203  3 Strong flame increase

SiO 2  1 Weak flame-up; weak smoke "
generated

B203  4 Explosion;dazzling sparks;
strong smoke develops;
B203 melts in part

,r TiO 2  4 Pointed flames build up; "
strong smoke generation

CaCO3  I Weak flame increase and
smoke develops

SrCO3  2 Flames increase and smoke
develops

BaO 3 Pointed flames build up; "
smoke generated; BaO melts
in part

CaO 2 Weak flame increase

CaF 2  1 Negligible flame increase

SiC2*t 0"
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TABLE IS - EXTINGUISHMENT WTTH PULVERIZED SUBSTANCES - Continued

Reaction Burning K Not Completely Perfectly Covered
Extinguishant Severity Covered With Extinguishant With Extinguishant

Graphite I Trivial flame increase and It burns no further
smoke develops

Talcum 3 Increased flaming and smoke

develops

Pumice Powder 3

B4C 3 Dazzling sparks It burns further

BN 3 Flames increase "

Vermaiculite 4 Strong increase flaming; "

dazzling sparks

* The perfect covering would be about 5 to 10 fold quantity of
pulverized substance excess in reference to the alkali metal quantity
used, in order to extinguish the fire.

** Indicates most promising materials.
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TABLE 16- AMOUNTS IN GRAMS OF POWDERY, SOLID SUBSTANCES
her (60 p AVERAGE GRANULE SIZE) USED AGAINST FIRES OF LITHIUM,

SODIUM, AND POTASSIUM (10- and 100-g. SAMPLES)

Lithium Sodium Potassium
Extinguishant 10 g. 100 g. 10 g. 100 g. 10 g. 100 g.

Graphite 39 430 21 250 19 220

KF 51 710 36 280 32 265

SiC 2  78 --- 48 --- 39 ---

78



TABLE 17- EXTINGUISHING RESULTS OF LIQUIDS AGAINST Li, Na, and K FIRES (Ig)

Flash Extinguishant Used in
Fluid Point cc(Flowrate 2 cm3/sec) IExtinguishant (0C) Li Na K Remarks

spindle oil N.E.* 8.6 6.4 With Li secondary burning
" + 20% CGB** 225 8.0 568 4.3 Smoke generated

paraffin oil N.E. 4.9 2.5 With Li secondary burning I
" + 20% CGB 213 5.0 2.9 4.9 Strong smoke developed

silicon oil AK250 N.E. 7,3 12.5 With Li secondary burning;
315 weak smoke developed

+ 20% CB 6.3 5.7 10.0 Strong smoke developed

didecylphthalate N.E. 9.2 8.5 With Li secondary burning
If + 20% CB 216 7.5 6.5 5.3 Strong smoke developed

bis-2 ehtylhexylphthalate 190 N.E. 12.2 10.3 With Li secondary burning I
" + 20% CB 10.0 5.9 4.3 Strong smoke developed

diethylphthalate N.E. N.E. N.E. Secondary burning
" + 20% CB 156 16.5 13.5 10.4 Strong smoke generated

dibutylphthalate N.E. N.E. N.E. Secondary burning
" + 20% CB 170 12.2 8.0 6.8 Strong smoke generated

dimethylphthalate N.E.N N.E. N.E. Secondary burning
" + 20% CB 132 9.4 7.5 5.8 Strong smoke developed I

butylbenzylphthalate N.E. N.E. N.E. Secondary burning
+ 20% CB 190 9.8 8.2 6.2 Strong smoke developed

dimethylglycolphthalate N.E. 23.0 18.8 With Li secondary burning
" + 20% CB 174 6.5 4.5 3.8 Strong smoke developed I

butylglycolphthalate N.E. 30.0 28.2 With Li secondary burning
" + 20% CB 185 7.5 7.2 6.7 Strong smoke generated

dioctylphthalate N.E. 13.3 12.7 With Li secondary burning
" + 20% CB 204 6.0 5.2 4.9 Strong smoke developed

dinonylphthalate 210 N.E. 13.0 12.5 Wi-h Li secondary burning
+ 20% CB 4.6 4.0 3.8 Strong smoke generated

octylstearate 11.6 9.4 7.5 Saponification
" + 20% CB 205 5.6 4.8 4.5 Saponification; smoke

developed
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TABLE 17 - EXTINGUISHING RESULTS OF LIQUIDS AGAINST Li, Na, and K FIRES (Ig)
(Continued)

Flash Extinguishant Used in
Fluid Point cd(Flowrate 2 cm3 /sec)

Extinguibhant (°C)" Li Na K RemarksI
dibenzyltoluene 180 16.5 8.3 6.8

" + 20% CB 4.2 4.0 2.5 Smoke generated

benzylbutyladip'ate '85 N.E. 39.0 32.5 Strong smoke developed
" + 20% CB 8.2 6.3 10.1

Ibenzyloctyladipate 214 13.7 10.7 8.5
I + 20% CB 5.8 3.3 4.8 Strong smoke developed

diphenylxylenylphosphate N.E.. 7.9 8.2 With Li secondary burn-
ing; strorgsmoke de-

240 veloped.
+ 20% CB 5.0 2.1 6.3

trichloroethylphosphate 15.6 13.2 12.1 Smoke generated
"+ 20% CB 232 N.E. N.E. N.E. Stronger secondary

burning

i tricresylphosphate 21.5 12.5 8.5 Strong smoke developed
"+ 20% CB 235 4.8 3.1 3.6 Strong smoke and soot

developed

I dioctylsebacate 10.1 9.2 8.5
I" + 20% CB 213 3.2 6.1 11.9 Strong smoke generated

I dibutylsebacate N.E. 21.0 18.3 With Li secondary burning
" + 20% CB 7.0 5.5 16.5 Strong smoke developed

* diglycol N.E. N.E. N.E. Secondary burning and
124 alcoholate formation

"+20% CB More violent burning

triglycol 177 Secondary burning and

* rl177 alcoholate formation

" + 20% CB " " " More violent secondary
I burning

ethyltrigiycol " " " Secondary burning and
122 alcoholate formation1 +20% CB Secondary burning

butyltriglycol " " " Secondary burning and
135 alcoholate formationI + 20% CB " " " More violent secondary

burning

8
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TABLE 17 - EXTINGUISIHING RESULTS OF LIQUIDS AGAINST Li, Na, AND K FIRES (ig)
(Continued)

Flash Extinguishant Usqd in
Fluid Point cc(Flowrate 2 cml/sec)

Extinguishant (KC) "- T-- Remarks

castor oil 229 8.6 4.9 4.0 Saponification
" + 20% GB' 4.5 3.0 8.3 Strong smoke aeveloped;

saponification

sunflower oil 12.5 8.0 6.9 Saponification
+ 20% CB 230 4.0 3.2 3.4 Smoke generated,

saponification

linseed oil 17.5 9.8 22.2 Saponification
+ 201 CB 205 3.2 6.6 12.9 Extreme strong smoke

generation;saponification

olive oil225 8.2 8.0 10.2 Saponification
+ 20% CB 24.1 3.4 10.5 Strong smoke developed;

saponification

peanut oil 6.2 6.9 6.3 Saponification
+ 20% CB 282 2.1 5.1 10.3 Strong smoke developed;

saponification

cod-liver oil 230 12.5 6.7 5.6 Saponification
+ 20% CB 3.1 12.8 11.1 Saponification; strong

smoke developed

neat's-foot oil 8.5 6.2 5.3 Saponification
+ 20% CB 243 3.5 2.3 10.4 Saponification; strong

smoke developed

bone oil 232 6.5 5.5 3.5 Saponification
+ 201 3.0 4.1 12.9 Strong smoke generated;

saponification

*N. E. - Not Extinguished **CB - Chlorobromoethane
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TABLE 18- EXTINGUISHING RESULTS or LIQUIDS AGAINST 10 g FIRES
Li, Na AND K

Extinguishant Used in cm3

Liquid Flowrate 6 cm3/sec)
Extinguishant Li Na K Remarks

Dibenzy)toluene N.E. N.E. 80 With Li and Na secondary
fire

" + 20% CB 30 14 7.5 Smoke generated

Spindle oil N.E. N.E. N.E. Secondary fire
" + 2)% CB 49 17 35 Smoke developed

Octylsterate N.E, N.E. N.E. Secondary fire;
saponification

It + 20% CB 55 23 N.E. Smoke generated; with K
saponification

Sunflower oil N.E. 45 76 With Li secondary fire,
saponification

+ 20% CB 26 8 72 Smoke developed; saponi-
fication especially
strong with K

TABLE 19 - RESULTS USING FLOWRATE OF 20 cm3/sec

Dibenzyltoluene 450 125 62

Spindle oil N.E. N.E. N.E. Saponification

Octylstearate 225 175 520 " ; especially s:rong with K

Sunflower oil 200 76 42 Saponification

TABLE 20 - RESULTS USING FLOWRATE OF 60 cm3/sec

Dibenzyltoluene 165 37 25

Spindle oil N.E. 255 170 With Li secondary fire

Octylstearate IS0 75 375 Saponification; especially
strong with K

Sunflower oil 65 62 36 Saponification

*N.E. - Not Extinguished
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TABLE 21- EXTINGUISHING RESULTS OF LIQUIDS AGAINST 100 g
FIRMS IF Li, Na AND K

Extinguishant Used in cm
3

Liquid _ Flowrate 60 cm3/sec
Extinguishant Li" N K Remarks

Dibenzyltoluene N.E.* N.E. 805 With Li and Na

secondary burning

Spindle oil N.E. N.E. N.E. Secondary burning

Sunflower oil 1125 475 665 Saponification;especially
strong with K

TABLE 22- RESULTS USING FLOWRATE OF 120 cm3/sec

Dibenzyltoluene N.E. 1085 670 With Li secondary
burning

+ 20% CB** 175 153 140 Smoke developed

Spindle oil N.E. N.E. N.E. Secondary burning
" + 20% CB 155 137 112 Strong smoke generated

Sunflower oil 715 355 565 Saponification;
especially strong with K

*N.E. - Not Extinguished **CB - Chorobromoethane

83



The I g fires were usea as screening tests and only those solids
which exhibiteu no reactior were used on 10 and 100 g fires.
Silicon carbide uid not show any reaction but was not suitable
as an extirguishant since it penetrated the liquid metal and did
not form a cohesive bond. Calcium fluoride which showed no re-
action on I g fires exhibited slight reaction in the larger fires.
Graphite worked well on all fires.

Liquid extinguishants, with high ignition points as
the basic criterion of selection, were also evaluated. Extinguishing
nsc:,avisins ,were attributed to cooling, smothering, charring and/or
sapohificatuon. Secondary fires occurreu frequently but the
auuition of a halogenateu hydrocarbon inhibited secondary dires.

,fly Frieurich concluded that uibenzyltoluene and sunflower

oil hroved best suitea as extinguishants for up to 100 g of alkali
metal. Calcium fluoride or graphite were the best powuers tested.
Frieurich concluced that liquius are best suited for quiescent
pools of burning metals while powders are best suited for spills
which are not containeu.

K
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